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pwteming «nd topognphy planartaation processes motrva* «> 
technology. Ad additive uun-nun patterning process ( LOPED ) Is examined • «nd * 

study. 

(I) Thin-film patterning: 

A new Hit-off process using edgewtoecdon (LOPED) en p«tcm to 10m. deposited 
wi* good step covens Some guided 

forthelX^proceutou^^^I-^ mpc^«of dtUpn,ces. Udemoo- 
^tobofcinetslliistte^ In the Biting step of die LOPED process, 

^penetrate, in* the patetrungr^ 

t^.stapboondsiy. Tte penetmuon vetochy is «*fd to the metal d«posW« toe »d 
volume increase. 

(II) PlanarUatkm: 

Bothtl*«r*npl«-i^ me severely d* 

to,* ^ *e uudedying metal pftd. anm-dre. 23um. unless . mndwicb strocmre ( 
S007LTO/SOO)is«ed. H* m-enal properties needed for succeed spplkatta of SOO 
«lnvesdg«ed. Wnred spectnndtto^ 

org™ groups «e sensitive to the kneeling condMom. H* sues, terds of SOO nuns on Si 
w^^stwsyslowCkssttolO^inieinlle). A strong correlation between the dielec- 
tric properties and the OH content fa the nhn is established. SOO IC1-200 ( Fumrrex Com- 
pany ) show, low didect* « 
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(111) Metallisation framework: 

A general «*»**™*™ of the melslttiartnn process stows that, under some pradicd 
assumptions, there are thirteen ways to construct a mrtalBrarinn process. Oat of the thirteen 
ways, six do not requite pisnartaflon after interconnect p a tfwnlu g end are considered pretnis- 
tog for VLSI and beyond. Selective metal depasitio* 

six approaches. Electndess-piated M and Pd nuy be used for via fflUqg and Oi for intercon- 
nects. A buried metal process, eiflier ttsipg lift-off or elecsndess plating, can provide a planar- 
bed surface after metaffizatkm. 

William G. Oldham " 
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Chapter 1 
Introduction 

to ddiver power and signals to the dicuft, and it also tsseded to output flic ] 
off the chip. In addition, Inwconneciloo stows cuuimunlcrton betwee 

needed »i*rfbnn the d^ ** VLSI aid beyond, the tin* comptadij 

[13 ( ) «>d improve the diwdl peitonmnce by rodncing tiie time delay fco« long wir- 

tagPJ.Mirttikvdintercor^ 

prt^klinsmore^cnstoihedetitneis. As • mult, niultflevd bt«oom«il«iiwl6^i»K. 
tised today. In thii research, several subjects in muftflevd imeremmectlon technology are 

options in a fully pianariied mctaHte a tion process. 

T1* pattern** of craiducm^ 
Examples of such difficulties include low .nisotiopy. poor •dectivity , reliability problems due 
to common and the etchabQity probkm of non-vtiatilixable dements associated with alumi- 
num etching. Additive iMttennng process^ 

film definition. One of the most widdy used additive ,*Mmtag mettoda is lift^ However, 
the poor step coverage required by traditional lift-off process is in conflict with the iwpnre- 
ments of VLSI. In chapter 2. a Hft-off process using edge^letecfion (LOPED ) is investigated 
as an alternative thin-film patterning process for etching. This techrique can be used with 
Mjwjveihanging resist profiles and wim thta films that are communally dqwsited. Iteappfi. 
catioiisoftheLOPEDpnxeMtamettllizsfim 
and beyond. 

Current taeiccmnection technology is limited to two or three layers of metal films [3^]. 
with a few exceptions of four layers in bipolar processes 15]. Tire refutation of the first metal 
layer is usually between 3.0um lo 4.0pm ( pitch ), and may be reduced to 24um pitch in das 



GATE ARRAY AREA OCCUPIED BY METALIZATION, 



1984 




our taut iteiesolutionof the second la^ 

^A%(^f(XtbtJ^tat^vedmiioo. Ttekey Hmlltagteor»t 1^*^ 
generated by each process step. Alter die dielectric tomditemetdfltami*ienied.*tip 
steps prevail oo the surface. If not piamri»d,dr«iteip steps can lead to eeiem mej> awe*. 
,jei>roblems to die following d 

bottom co*** of toe steps. In addition, Ibe metal flbn depoilled on die tfdwrtBi If dMtefll 
to etch completely, resulting in residual film ( or "stringers" ) akof the toot of the steps. 
Chapter 3 exsimiies one of tliepliniriTathiti tedmqces: the o» erf spin-on flaw ( SOO X The 
etdhback approach* found in Tbesimple 
non-etdibtck (SOC5/LTO) can sometimes lead to aevere topography, and the sandwich 
(SOG/LTO/SOG) can provide a smooth surface for the next deception. The material 
ties of aeveral SOOs are studied and a process to obtain good electrical properties of SOO is 
developed. 

Surface tupugnphy. when accumulated over several layere, can eventually hmit the reao- 
lution of optical lithography. The resclmion rft Btfaography tyatem with an fflnmmattng light 
of wavelength X and t numerical aperture N.A. ia[6t 

NJL 



where w is the minimum feamre size and k Is an enmin^ constant depending on the 
and processes. The depth of focos for this system ii [6]: 



DP .„_L_ (?) 
2(NA)* 



If equation (1) is put into equation C2) to replace die NA. term, me depth of fbcua ia expressed 
m tenns of the resolution limit and the 



Rjr a 2.0pm pitch ( w « 1.0um ) with k - 0.8 and X - 0.436pm, the depth of fbcua is only 
1.8um. A 3.0um pitch ( w «= Uum ) with the same parameters results in a depth of fbcua of 
4.0pm. Most MOS processes generate about OJum to l.Oum topography on the substrate 



suite* before metal deposition ( tan the priysfficao gate and the isolation process.) tot 
photoresist needs about 05pm tolerance to assure good resolution. These two factors ore up 
more than 1.0pm of the depth of focus, and leave less man l-Oprn tolerance for the 2.0pm 
pitch and less man 3.0pm for the 3.0pm pitch. Each metal layer will generates a surface 
topography of about 08pm so 1.0pm. As a result, current lithography technology is severely 
challenged at the 2.0pm pitch for the second metal lsyer and at 3-Oum pitch for me third layer. 
One way to avoid this limitation is to develop a global pl m a ri r at i on process for metallization. 
In chapter 4 a general survey of the rrolhTevel htterconaecdon technology fa) given. Thirteen 
metallization proce ss es, which include most practical cases reported in me literature, are dis- 
cussed. Six of the processes do not require planarizadon and are proposed for future work as 
the base process for multilevel metaffizatkm. 
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[1] AM Saxena, D. Pram am*, " Manufacturing Issues and Emerging Trends in VLSI Mul- 
tilevel Metallizations,' IEEE VLSI Multilevel Intercom. Coif., 9(1986). 
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[3] MJ. Thomas, W.T. Cochran, AS. Harms, HP. Hey, GWJfffls. CW. Lawrence, LL. Yen, 
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TEOS," IEEE VLSI Multilevel Intercom. Coif, 20(1987). 

[4] HAL Naginb. C Jang. T J. Klemme, K. Wong, A. Rangappsn. W.W. Yao, R.T. Putts, " 
The Evaluation and Development of Planarixatton Technique for Double Level Metallization in 
12 Micron CMOS Technology," IEEE VLSI Multilevel Intercom. Corf., 93(1987). 

[5] TA. Bartush, " A Four Level Wiring Process for Semiconductor Chips," IEEE VLSI Mul- 
tilevel Intercom. Coif., 41(1987). 

[61 LP. Thompson, MJ. Bowden, The Lithographic Process: The Physics,' Introduction to 
MlcroUthography, ed. by MJ. Comstock, American Chemical Society, 1983. 
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Chapter! 

A Lift-OfT Process Using Edge-Detection ( LOPED ) 

2.1 Introduction 

Traditional metal patterning processes are severely dalkn g wl to the VLSI era. Dry etch- 
ing involves tradeofts of selectivity, etch me, onifbnnity and aniaotropy. nudtennon, the 
addition of copper in the aluminum alloy to increase the ekctromlgration lesistance eggrerataa 
die selectivity problem and can lead to residues since Co does not fbnn volatile compounds in 
chlorine-based plasms chemistry. Additive nun-film patterning is s nrnd a nvataB y dtffcrent 
approach that does not have the atove-nwrtkwd problems. 

Examples of additive patterning processes ate selective deposition and lift-oft 
Selectively-deposited tungsten is being widely explored as an alternative to a lumin u m (1,2). 
Tungsten has a higher resistivity (6-10 ufl-cm ) than aluminum (2.7-3.0 uO^m ), but can 
sustain a much higher temperature ( above 1000°C ) than Al ( tower than ttXTC I Oonse- 
qucntiy. BPSG reflow at 800° - 1000°C can be used for plsnsrixation after the metal deposi- 
tion. However, W does not adhere to oxide well and the nuorine-content from me aource gas 
(WFj) may corrode the unoeriying silicon substrate. The deposition also requires special equip- 
ment and a rather complicated process cycle. Despite more than 5 yean of research and 
development, selective tungsten is not yet widely accepted for production. 

Lift-off is another technique for patterning of thin-films ( Hg.2.1 ). ft lias been occa- 
sionally used in medium- and large-scale integration technologies because of low-cost and 
simpiicity[3-22]. The lift-off technique is capable of patterning any film deposited at a low 
temperature ( lower than the hardening temperature of the underlying medium ) and has 
infinite selectivity to the underlying substrate. The principal limitation of the technology stems 
from the fact that the directional deposition required by the process is in conflict with step cov- 
erage requirements. In fact with certain assumptions Homma showed that traditional lift-off 
techniques are limited to metal pitch larger than 2Jum [23]. Lift-off is practiced by few 




PHOTORESIST 
SUBSTRATE 



DEPOSITED FILM 




Figure 2.1: Process flow of direct lift-off. (a) a lytrctf photoresist b patterned by a daik-fidd 
^^^^t^J^JJ^^i *sted thin film is deposited with poor 

atep coverage, (c) the lift-off process is completed by dissolving the lifting medium in a sol. 
vent Tne excess film is removed at the 
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manufacturers. 

In this chapter, the lift-off process is moie carefaHy examined. The problems doe to 
inadequate process design ait se par a te d fitm the fundamental Omits. A new edge-detetiion 
method is used to extend die lift-off process id sob-VLSI dimensions, and the process window 
for manufacturing is studied . Applications in both metallization and trench isolation are 
demonstrated The interaction between ptottroist and son* solvents sre 
edge-detection m e thod. 

2*2 Experimental Setup 

For most experiments, p-type (100) Si wafers are used as the substrates. If eurfrce 
topography is needed. Si wafers are patterned by photolithography and plasma-etched in a 
LAM AutoEtch 410 system. Ite etching conditions and characteristics are summarized in PJL 
Pai's master report, " Trench Technology Using Low Temperature CVD Oxide and LUt-Oft" 
Glass wafers sre used when inspection through ttie bade is needed The glass wafers are much 
thicker ( around 2mm ) than normal silicon wafers ( around 0.5mm ), and most automatic 
equipment in the laboratory cannot operate on fire glass wafers. 

Both Kodak820 and AZ1400-series resists have been used as the patterning photoresist 
Abundant information on this resist has been collected snd its performance is evaluated regu- 
larly. The thickness of this resist spun at 4600 ipm is around l.lftm after 120*C baking. An 
Eaton automatic wafer track coats this resist onto the wafers with a controlled acce l e r atio n , 
spinning speed and spinning time. The wafers are tr an sfer red to a hot plate after coating on a 
moving belt The temperature of the hot plate is set at 120*0 and the baking time is usually 
60 seconds. Another "cool plate* next to the hot plate can lower the substrate temperature to 
room temperature before loading to the receiving cassette. AZ1400~series resists are coated on 
a Headway manual spirmer. The spinning speed and time are adjustable on this machine. After 
the resist coating, the wafer is either put on a hot plate at 90°C - 95°C for a minute or put into 
an oven at the same temperature for 15 minutes. The thickness of the resist depends on the 
solids content and the spinning speed. Two most widely used resists are AZ1400-31 and 
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AZ1400-21. The former resist has a thickness around L6ym for i 3000 ipm spinning tpced. 
This thick resist is usually used when severe topography exists. The AZ1400-21 resist is about 
0.6-O.fytm thick titer coating and Is used when submicrameter features are desired. 

A OCA 6200 stepper is used for exposure. This system is a g-Une ( X • 436 run ) 1QX 
stepper with a numerical aperture of 028. For most applications, this system can resolve 
1.25pm lines and spaces routinely. When higher resolutioa is needed, an overexposure can 
push the resolution down to 0.8|im lines and spaces. An exposure matrix is used to determine 
the optimal exposure time and focus before each exposure job. The glass wafers are too thick 
for the stepper and a Rasper contact printer is used to expose the wafers. The resist-coated 
sides of the wafers are in contact with the Or side of the mask. A Hg-lamp then exposes the 
resist through the mask. 

Kodak820 resist is developed in the 932 1:1 developer from the KTI Company. An Mil 
omnichuck spreads the developer over the wafer automatically. The process steps are pro- 
grammed through a terminal. The development time is usually set to 60 seconds, followed by 
a spin dry cycle. For the AZ resist or glass wafers* immersion development is used. AZ 
developer ( 1:1 diluted ) or AZ 351 developer ( diluted 5:1«AZ 351^0 ) can develop the AZ 
resist within 60 seconds. The wafers are usually blown-dry . by a nitrogen gun after the 
development. 

A well-controlled resist etch is critical to the process described in the following section. 
The etching is also used in a descum step, which removes the resist residues to improve the 
critical dimension control. At the end of the lithography step, a good resist stripping process 
is also need e d to result in a clean, residue-free surface. Several resist etching processes have 
been tested, and Oj plasma treatment seems to give die most consistent results for all these 
applications. A Technics plasma etching/deposition system is used for this purpose. This sys- 
tem can generate a 30 KHz plasma in die process chamber. As shown in ¥igJUZ die etch rate 
for a 300 mTorr Oj plasma is linearly related to Ok power 




0, PLASMA POWBB (Watts) 



Figure 22: Tbt etch nte of photorcsi* in Q» plasma. 
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R^oO9Ix(P0wcr-32) nm/miiL (1) 

A 140- Witt plasma can remove 100 am, or (Llpm, photoresist per minute. The uniformity of 
this etching is within +A 10% across die chamber. This process is used for both die controlled 
etcfaback and descum step. To strip die resist a high power ( c* 300 Wans ) Qz plasma can 
be used. Or moie frequently, a piranha sotation ( H2SO4 : H2Q2 ■ 6:1 ) or an acetone txtii is 
used. Pirafana is a strong oxidizing sedation and attacks the Al films; c o n se qu e ntly it is only 
used before the first metal layer. Acetone is an organic solvent that can remove photoresist A 
more detailed study of the acetone/resist interaction will be given in section 2*5. If die pho- 
toresist is hardencdt eg* by plasma etchiQg or ion implantation, acetone cannot remove the 
resist completely. Either O2 plasma stripping or a proprietary resist stripper is in need. The 
resist stripper TRS-1000 can remove most hardened photoresist unless die exposure time to a 
high power plasma exceeds 15 minutes. In that case* only die Q2 plasma or the piranha solo* 
Doo can enecttvety remove tne resist* 

Two sputtering systems are used to deposit Al-l%Si films. One is a (La-plasma sputter- 
ing system from die Sputtering Rhn Systran Cbip*. This is a single-wafer deposition system 
with a 6-inch EMCA-6 target about 5cm from die wafer, A maximum of 6 wafers can be 
loaded into the the chamber and sequentially rotated into the sputtering position. The beae 
pressure for dds system is about 7x10"** Torn The confonnality of die deposition is improved 
by a rotating magnetic fidd within the plasma. For a 1KW plasma, the deposition rate is about 
0.2nmAntn„ The other system is an a.c-plasma sputtering system from the Circuits Processing 
Apparatus, Inc.. As many as 9 wafers can be loaded onto a pallet at a time. About 20 pallets 
can be stored at die sending station and processed later. The deposited film thickness is com* 
trolled by die time the wafers are exposed to the plasma. Due to the double load-lock system, 
die base pressure within the process chamber is always kept below 4xl0~ 7 Torn 

23 The edge-detection method 

The key steps of the lift-off process using edge-detection {20,22-23] are shown in Hg.23 
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for a metal film example Rm akjtrof photorcslttiipattnicduainj a dark-field venkm of 
the metal maak ( Rg2.3(a)). Hie resist in the ares* to receive metal ia exposed and developed 
out. A atandard opdcal-liibcgraptay prooeaa la need here and no irate shaping pnxedsres are 
needed. Then the desired thin film ia deposited on the wafer ( Hgi3(b)). The metal fDm 
deposition technology it not restricted to |«oceaaei wim poor atep cowman . m fcel we we • 
spattering aource with excellent step coverage. An additional layer of reslat Is span over the 
deposited film ( Hgi3(c)). The net that the epun-on film is throne* tat fire vicinity of sharp 
edges pennita a atanple method of edge detecdoa A coDtwfled etchhsck is need to selectively 
break through thia thinnest part of the apun-on layer ( Hg^23(d)) ( although p h o toresht is used 
for convenience, H it not expoaed, and its ptoto-senaitive praperdea are inelevant ) Thia etch- 
back atep ia carefully timed so that on the one hand a gap is produced at all edges, bat on the 
dher hand the remaining areas am still protected. A second isotropic etchin g step Is seed to 
selectively attack the exposed region of the deposited film and revetl die edge of the pattern- 
ing resist ( Rg^.3(e)). THe step ia timed to Just dear die aidewalla. The LOPED process is 
completed by the lifting 
sosldng in an organic advent ( Fig£3(f)). 

The coating of the top layer resist and its etching ae critical to the success of the 
LOPED process. If the resist is too thin or overetched, there may Ire no reaist left © protect 
the desired metal patterns; if the resist is too thick or underetched, there may be no o 
the deposited metal films at die corners. Similarly, the etching step which removes the metal 
sidewalle ( through me gap ) is critical in determining procesa viability. In the following we 
estimate the combined allowed ranges of the key variables to generate the manufa ct urin g pro- 
cess window. 

2.4 Process window for the LOPED process 

One measure of the viability of a procesa for msmrfafflirtng is the volume in process 
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Figure 23: Tht outline of the LOPED process, (a) a layer of resist is patterned by a (Uric-field 
made ml flood exposed after development (b) the desired thin film is deposited with good 
step coverage, (c) a second layer resist is applied* (d) the second layer resist is etched, (e) die 
deposited fihn is etched. CO the liftoff process is completed. 



-13- 

parameter space for which the process specification is met Two dimensional eections of foil 
volume are referred to as the process window. For the LGPED process the principal parame- 
ters are toe fM**"—— of the virions films, the etch depths in the two etchtaf «eps, and the 
dimensions of bom the desired metal patteins and the uatedying topography. mthetjDowtaf 
two sections we first evaluate the relationships between the vsriona fQm thickneaeee and then 
derive some process window ewunpks for the most fanportant control parameters, the extent of 
the two etch bade steps. 

Edge-detection constraints. - It is possihle to estimate the cuutialnts on the resist process used 
for edge detection using a conservative approximation. We assume that foe epun-on mm is 
nearly flat in the vicinity of an edge during foe early stage of spiriting and volume s hrin ka ge 
determines foe final profile, R*2.4(a) shows foe cross-section of a normal application. In 
which a metal pattern of width W is patterned by foe aktewaDa of foe patterning mist with 
thickness Rl. The thickness of the top layer resist is R2 before shrinkage. The drying process 
changes foe resist thickness to kxR2(k<l). After the etching of the top layer resist, at least 
part of the metal film deposited on the comers of the patterning resist must be expose d as 
shown by the dotted Brie. However, it is essential that a step in the topography underlying foe 
metal not result in detection of a false edge. An example b) shown in Fig^4(b), in which a 
sharp step (H) is within a large metal pattern. The underlying metal film should not be 
exposed during ftfhbafft The top layer resist is conservatively assumed fiat near foe step 
before shrinkage. The resist thickness over a lower level hear the step edge ( eg. point A ) is 
(R2 + H). After shrinkage, the resist thickness at this point is kx( R2 + H ). The resist etch- 
back ia defined by the fraction f of the flat-field resist thickness ( k*R2 ) which is removed 
The resist thickness remaining at point A ia 

kx(R2 + H)-ICxkxR2 (1) 

A c o nser v a tive condition to assure that no metal film is exposed can be derived by a ssumin g 
foal foe remaining resist at point A should be thicker than foe step height H as shown in foe 
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dotted line in Rg2.4(b): 

kx(R2 + H) - k'xkxR2 > H (2) 
The requirement on the dried resist thickness kxR2 am be derived by i 



The thinning effect also cunstraini the thickness of the edge-detection resin layer. As the 
thickness of die top layer resist increases, the thinning effect around a ibaip comer for a fixed 
Rl decreases. More specifically, a top layer resist thicker than the patterning resist generally 
leads to insufficient thinnin g-effect and an inadequate process window* The minimum width of 
the desired patterns is also an important factor in determining die acceptable range for the top 
layer resist. Based on an empirical characterization of the spin process we find that the pat- 
terning width must exceed the final thickness kxRZ The upper limit for the thickness of the 
top layer resist is determined by the lesser of the two parameters Rl and W^: 



min 



>|Rl»W^|>l^>^i^ (4) 

This requirement can be illustrated by a typical example: A 1.1pm ( * Rl ) resist 
(Kodak82Q) is used to pattern a 0.7pm thick Al-Si film over a surface topography with 0.8pm 
steps. The minimum feature size is aimed at 1pm. The shrinkage factor of the top layer resist 
is estimated to be 50% ( « k ). In the edge-detection method, 60% ( «k" ) of the top layer 
resist b etched. The remaining top layer resist ( about 0.4pm ) is sufficient to cover desired 
areas without pinholes. The range of the acceptable final thickness for the top layer resist is 
calculated from equation (5): 



1.0pm > k x R2 > 0.88pm 
Within this range, a 0.9pm resist can be used as the top layer resist 





Figure 2-4: The cross-sections of the LOPED process after the top layer resist coating, (a) For 
(he edge-detection, the top layer resist it thinner around the edges of toe patterning resist (b) 
Hie wont case fix the edge-detection is to pattern a large metal pattern over a surface step. 
The metal film deposited at the comer of the step must not be exposed after the etch-back. 
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Hie method described above is useful for a lint estimate of the process requirements. 
The calculation usually gives a conservative prediction: a photoresist thicker than the upper 
limit or thinner than the lower limit sometimes can also kad to sooccssfM results. 

Etching requirement*. - The geometry of the desired metal pattern is an important Actor in 
limiting the size of the process window. Hg.25 shows two examples of patterns at step (c) 
(Rg2) of die process flow. In these examples the patterning resist is 1.0pm, the metal film 
0.6pm, and die top resist film 0.85pm thick. In Hg25(a) a narrow gap is to be formed in the 
metal pattern. Because of the narrow line, the top resist is quite thin and only about 10% etcb- 
back is needed to open the comers. On the other hand the maximum allowable etcfaback is 
limited to about 80% by the requirement for non-zero resist thickness in regions where the 
mead is to remain ( see. eg. Rgi4(b) ). Rom HgJL5(a) we may also estimate the con- 
straints on the metal etch for this example. If the top layer resist is just broken through at the 
comers, then an etcfaback just equal to the metal thickness is needed to expose die bottom pho- 
toresist layer. On the other hand if the top layer resist etcfaback is more aggressive and 
exposes the "notch* in the metal comers, only about a 60% metal etch is required On the 
other extreme an excessive metal etch will degrade .pattern fidelity. For the example of 
Hg*Z5(a) the allowable cveretch varies from 60% ( 160% total ) to 20% ( 120% total ) as the 
top resist etch goes from the 10% to 80% extremes. These etch limits for the structure of 
Rg.25(a) are summarized in Fig^6(a) as a process window. The window of Fig2.6(a) is for 
a particular pattern, namely a minimum-width space. If the process window for all possible 
geometries were plotted on the same coordinates, then the intersection would be die actual 
available process window for simultaneous fabrication of these geometries. Hg23(b) 
represents die opposite extreme of HgJL5(a). The process window of both ate plotted in 
HgJ2.6(b) and die intersection is shown as a hatched region. This region is a reasonable esti- 
mate of die actual process window for die LOPED process with the stated film thicknesses. 

A fiat surface is assumed in die example calculation of HgJZ.6. If surface topo g r aphy 
exists on die substrate, the upper limit of the etcfaback ( k* ) is lowered as required by equation 
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Figure 25: The SEM pictures of die second layer photoresist coated oyer te wbsttres^(a) 
Hie resist is coated over a narrow resist pattern, thus resulting die maximum drimtag effect 
(b) Tte resist is coated over a deep trench famed by the undedytag resist, and fins the thin- 
ning effect is minimized. 
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RgureJZ.6: A process window for the LOPED process. (•) The enclosed region is the accept- 
able nmges for the esse in F5g.4(i). (b) The enclosed region Is the acceptable range for foe 
eve in Fig.4(b). The overlapped region of the windows for foe two extreme geometries is the 
process window of the LOPED process for this combination of film thicknesses. 
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(4X which is rearranged below: 

k/<1 - I 4ilr <® 

If the shrinkage fetor k for the top layer mist is 30% md die net ttddknen M2 it 089|im, 
then 

k*<l-OS9xH (7) 
On a flat surface ( H =0 ), the edge detection method cm etch matt, of the lop layer resist ( k* 

< 1 ). If a step of 0 i5|un exists on die surface, die maximum amoant of the etchbnek is lim- 
ited to 70% ( f < 0.7 ). 

t 

7L5 Applications 

The fllustritions of the LOPED process htve used metal films as Hie example. We have 
tested the feasibility of the process, including substrates with underlying topography using stan- 
dard metallization and resist processing equipment The to pogr ap hy is ge n erated by etching 
trenches in the Si wafers. The geometries ranges from lpm lines and spaces to 10pm Bra 
and spaces with varying step heights. The process, as described, is practiced over the resulting 
geometries. HgJL7 shows an example of an afamtann pattern of 1pm lines md spaces over 
t op ogr aphy with 0.8pm steps. As can be seen fiom the SEM picture, the film is m^»^"f 
across the steps without significant variations in critical dimension. A tapered resist pattern has 
slso been used to test the robustness of the LOPED process. A pattern is formed in 0.7pm of 
resist with 45° - 50° sidewalk by reducing image contrast Tte unledying topography 
includes steps of 0.6pm in height The lift-off results are shown in fig^.8. Al-Si fines of 
1.0pm width are patterned over these steps with good continuity. In the absence of the under- 
lying topography, the GCA stepper can resolve submicrometer features. RgJL9(a) shows a 
pattern of 0.8pm lines and spaces in Al-Si defined by LOPED; FiglSQi) shows another exm- 
ple of 0.6pm lines with 1.0pm spaces. It is also worth noting that this technique works for 
both large and small geometries. Squares of 2rmn by 2mm are patterned on the same substrate 
with the submicrometer features without difficulty ( HgJLlO ). It is clear that (he resolution of 



-ID- 
'S 




• 21- 



119 i 9 . '■ M 

1 I, i v 1 






r i a 




Accel 15.31 Kw «aj 
Width: 6.983 fticrons 



S.4t l» 
Test IE Ffil 



5n:l! ID LIFT-OFF 18-1-55 



Figure 18: A SEM 
sidewalli. 



picture of lym Al fflm pawned emO^im ftepi wing a upered milt 




(b) 



Figure 2.9: A SEM picture of sub-micrometer aluminum features on a Hat surface, 
line and space and (b) 0.6pm hne and 1.0pm space 
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the LOPED process is limited primarily by the lithography and tbe metal deposition rather than 
the process itself 

Another applicition of this process is in trench isolatkHi(5,8]. Trench patterns of O.^tm 
depth are first transferred into a Si substrate by plasma etching and the resist is left in place as 
the lifting medium. The FHOTOX™ process is used to deposit an SO* film at 100°C A 
second resist layer is spun on and the LOPED etehback sequence carried out After lift-off a 
planar surface is obtained, as shown in HgJLll. 

16 The Interaction Between Photoresist and Solvents 

The interaction between the solvent and the resist has significant effects on die lifting step 
of the LOPED process (Hg2.3(Q). Some solvents ( eg. acetone ) swell photoresist during 
die process, while some other solvents ( eg. developer ) simply etch photoresist Tbe lifting 
process will be examined in this section. 

The wafers are processed as described in section 23 ( Flg2.3{aMe)X But at the last step 
the wafets are taken out of the solvent bath after a finite immersion time. Then the Al film is 
removed by wet etching. After drying, die wato are inspected under a microsco^ A sharp 
boundaiy exist between the periphery 

central "un-pattemed" regions ( R&2.12 ). As die immersion time increases, the width of the 
peripheral regions increases. . 

The penetration depths of acetone are plotted against the immersion time in Fig. 2.13 for 
various metal deposition times. For each deposition time, die penetration depth increases 
linearly with time, or at a constant penetration velocity. As the metal deposition time increases 
from 2 minutes to 5 minutes, the penetration velocity decreases from 350jim/min. to 
lOOjun/min. This decrease in the penetration velocities can be due to either a thicker film or 
resist cross-linking during die longer sputtering time. Another experiment has been conducted 
to separate die effects from these two factors. Two deposition processes are used to deposit 
lpm thick aluminum films. In one experiment, a single deposition of 5 minutes is used, and in 



after fining the trenches by PmmJ* . 
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IMMERSING TIME Cseo] 



Figure 2.13: Tbe penetration vdodtiea of the shaip boundaiiei in Figure 2.11 at iran tempera- 
ture. The metal depodtion rate ii about O.Tj un/min . 
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the other the wafer is taken out of the vacuum chamber after a (LSpm Al Hindis deposited ( 2 
minutes and 30 seconds ) 9 followed by another deposition to complete the lpm film. The 
penetration behaviors are illustrated in Hg. 2. 14. Hie single deposition results In a modi tower 
penetration speed than the two-step deposition, even the total thickness of die metal fihn is 
identical Also shown in this figure is a sample with 5-mtante deposition time, bet half of the 
metal film is removed The penetration velocity is identical to that of the thick 5-minute depo- 
sition time sample. It is then concluded that the temperature rise during the depos itio n pro- 
cess, rather than the metal film thickness, is *H»ir!! f Mt1 to the penetration. The next section 
will examine die penetration phenomena in more detafl. 

2£1 Theoretical Analysis 

The behaviour of swelling penetrants in glassy polymers has been studied extensively by 
polymer chemists, and it is well-known that die sorption is non-Rckian over a tinge of tem- 
perature and of solvent activity [24-29]. Within this range die weight gain during sorption is 
proportional to the fiist power of time ( called "Case IT transport ) rather than to its square 
root ( Ficlrian behaviour ). It is also known that a sharp boundary exists between the outer 
shell containing an appreciable amount of solvent and the internal core which is essentially 
impenetrated. 

Several models have been proposed to describe this "anomalous" behaviour. Peihaps the 
most satisfactory interpretation of the Case II diffusion is that of Sarti ef In his model Saiti 
stated that the buildup of solvent on die swollen gel side leads to a high tensile stress, which 
effectively pulls the polymer matrix open microscopically to permit further solvent migration. 
Hie rate of tins interface migration is postulated to obey die linear law: 

X«K[o-<y (14) 
where X is the rate of change of die current location of the boundary, o is the stress. c 0 is a 

threshold stress and K is the proportionality constant When the stress is lower than the thres- 
hold value, no movement is possible. At the moving boundary, die glassy core undergoes an 
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Figure 2.14: Hie effect of deposition time. Hie tame deposition time ( 5 minutes ) results m 
identical penetration velocities even the metal film thickness is reduced by 50%. A two-step 
deposition leads to faster penetration velocity for the same Upm Mm. 
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osmotic stress tension x and i differential swelling stress o^[29]. Substitution of a by ( a* + 
a'a ° ) in equation (14), we have: 

X«K[« + a'of-aJ 05) 
The constants a and i' account for the fact that the osmotic tension * is isotropic the swelling 

stress of is biaxial while c c is uniaxial tension. 

The osmotic stress can be computed by the Floiy-Huggins[25] as 

where R is the ideal gas constant. T is the system temperature, Vi is the solvent molar volume, 
$ is the solvent volume fraction in the swollen region at the boundary , V 2 is the polymer molar 
volume and %| the Floiy-Huggins parameter. in equation (16) represents the deviation from 
die equilibrium condition. If equation (16) is put into equation (15), die moving rate of the 
boundary is: 

v-X 
-Kte + a'o^-aJ 

«v,»-Xi^-~ta(l-*)) + Vo (17) 

V| = M£± , and v 0 - K[arf + a'a* - a J 

The molar volume of acetone is 73.4 cm 3 ( «V t ) and that of the photoresist is in the 
range of 4O0Oan 3 to 16000 cm 3 ( = V 2 ). It* ratio V,/V 2 is then negligible ( 0.005 < V,/V 2 
< 0.018 ) compared to other terms. The simplified equation for the penetration velocity is: 

v^Vjfc-Xttf + Vo (18) 
The Flory-Huggins parameter %i is given by Blank and Prausnitz(2530]: 
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-034 + 0.123(5, -o^ 2 m 
The value 0.34 stands for the avenge value of the entropic comribuflon. The solubility parame- 
ter for acetone i» 99 (caUcx.)* (5,) and flat for oovolac reain la In the range of to 95 
(cal/cc.)* (5a). If theie nomb« «e put talo the eolation, we have the range for %, as 

034<%,<058 C20) 

The volume fraction ♦ can be calculated from the ratto of the thickness of the swollen 
resist ( Z, ) to that of the original resist ( Z» Y 

C1 -Zt 

.1-1 <w 

T 

V _^L (22) 
7 "Zo 

The thickness of the peripheral region is measured by a Tenco alphastep profflometer 
after drying the wafers ( Flgil5 ), because the resist is too soft for measurement directly from 
the solvent bath. After drying, most of the peripheral regions collapse and result in low thick- 
ness. Part of the regions can remain foe original thickness after drying, and therefore the max- 
imum thickness recorded for each experiment is taken as the thickness of the peripheral region. 
For those samples with thin metal film deposited, the thickness of the resist can increase from 
foe original 1.7pm to near 6.6pm after immersion in acetone. For the sample exposed to a 
longer metal deposition process, the resist swells significantly less ( eg. to 2.6pm) for the 5- 
rmnute sample. The y values, the t values as well as the corresponding penetration velocities 
(V) are listed in table 2.1. 




Figure 2.15: The thickness of the reacted resist after drying. 
2 minutes and (b) 5 minutes. 



The metal deposition time is (a) 
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TaMc 21 The Thickness Ratio (jk Votame fndkn (f) and The Penetration Vdodly (V) 
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The penetration vdodues bib plotted against ♦ -Xtt* » Fhj^.16 fir Xi^34 and 
Xi«058. The velodlies in both curve* increase linearly with as predicted in equation 

(17) until a saturation velocity ( ■ 3.97urnAnin.) is reached. The nut that the penetration velo- 
city for the least-crosdinked resist deviates from the Bnear dependence indicates flat a mechan- 
ism other than the Case n diffusion dominates the reaction. The interface reaction rate is pos- 
sibly the best explanation for the linear time dependence tor the ksst-crosslinked sample. 

2.6J2 External Effects 

The lift-off process is usually improved by raising the temperature of the acetone bath or 
applying an ultrasonic agitation. The effects of both p roc es s es on the lifting step are investi- 
gated here. Hie penetration depth is plotted against the immersion time for different bath tem- 
peratures in Rg^. 17(a). The penetration velocity increases with the bath temperature. The 
Arrheraus plot for the penetration velocities is given in Rg3.17(b). The activation energy is 
catailated to be 03eV. 

The penetration velocity is also measured with and without the ultrasonic agitation ( 
Rg.2.18 ). The addition of the ultrasonic agitation does not increase the reaction speed. 
Another experiment is conducted to study the effects 

pattern with one thousand 50um by 50um squares is processed by the edge detection method. 
After immersion in the acetone bath with ultrasonic agitation, the numbers of remaining 
squares are plotted in Fig^.19 against the immersion time. If the expe ri m e nt is done without 
the ultrasonic agitation, more than 80% of the squares ( compared to 1.6% in Rg.2.19 ) are left 




figure 2.16: The penetration velocities is plotted versus + - Xi4* for two Xi values, 034 sod 
058. 
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Fteure 2.17: The temperature effect on the penetration velocities. (») The penetration velocity 
increases with temperature, (b) The Anhenha plot indicate* n activadon eno*y of 0.3eV. 
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Figure 2.18: Hie effect of ultrasonic agitation on the penetration. The ultrasonic agitation 
shows no effect on the penetration velocity. 
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Figure 2.19: The effect of ultrasonic agitttion on the lining. The remaining resist patterns of 
Stym by 50um squares after immersion in acetone bath with ultrasonic agitation decreases ex- 
ponentially with the immersion time. 
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an the wafer after one minute immersion. The ultrasonic agitation appar e ntly helps in the 
removal of the excess film after the underlying resist is completely penetrated by aoctooe. The 
exponential time-dependence of the remairfqg fraction on time ( ^« fa** ) suggests a Pob- 
son process, which is unique in its memoiykss feature. At any time in a Frisson process, 
what happens after is independent of what hai happened before. It is speculated that the cavi- 
tation ferae resulting from die ultrasonic agitation provides the external force n eede d to tear 
apart the swollen resist and remove the excess film* 

2.7 Failure Mechanism for fractional Lift-Off 

All the studies discussed in previous sections deal with the lifting process with an open- 
ing to die underlying photoresist It is also interesting to examine die lifting step when the pat- 
terning resist is completely covered by the deposited film, a case sometimes encountered with 
the traditional lift-off and considered "felled*. For a real-time observation, the glass wafers are 
used as die substrate. A layer of photoresist is patterned and an Al-Si film is sputtered* 
deposited on the wafer. The glass wafers are placed facing downward in a petiididi* with 
some glass slides under the edge to support the glass wafers. The setup is placed under a 
microscope with a 35mm camera. Acetone is poured into the petridish and pictures are taken 
at a fixed time interval. Some examples are shown in Bg2J2Q. Whenever acetone penetrates 
into the resist* die Al film is locally deformed and scatters die illuminating light, resulting in an 
area significantly different from other areas. As die immersion time increases* the penetrated 
. areas increase linearly with the square root of die immersion time ( Hg221 ). This penetra- 
tion results in a swollen resist and tensile stress in die Al film. When the stress exceeds the 
tensile strength of Al* die film breaks into fragments* and any external force can remove the 
excess Al fragments . The lift-off process for this condition may be summarized as follows: at 
the beginning, acetone penetrates through die defects or pinholes of the deposited metal film 
into the photoresist; as die immersion time i ncre as e s, more acetone diffuses into die resist and 
swells the resist to create a tensile stress in the metal film; when this stress exceeds the tensile 
strength of die deposited metal film* the film breaks into fragments; then an external force can 




(b) 

Rirore 120: The lifting of the traditional lift-off process. The solvent penetrates through the 
Sect* of the deposited film into the nndcriyinf resist after (a) 20 seconds, (b) 60 seconds, (c) 
6 minutes, and (d) 10 minutes. The reacted legions increase with the immersion time. 
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Figure 121: The treat of the reacted regions it plotted against the immersion time fat the tradi- 
tional lift-off process. A Hddan diffusion limited process shows the typical square not time 
ocpcnociicc. 
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tear apart the soft, swollen resist and remove the film fragments. 

TUs lifting step proceeds in an uncontrolled manner, tnd leads to unreliable results. For 
a luge metal pattens or a thick metal film, the sidewalk of tbe patterning resist are easily 
covered even a directional deposition method ( evaporation ) Is used for metal films, llie 
LOPED process can circumvent this problem by pioviding a controlled way to create 
uncovered resist edges. 

2J Why Acetone? 

Several solvents have been tested for the lifting process. A ce t one is a common solvent 
for traditional lift-oft Both the alkaline developer ( e*g. A 7351 ) and the metal ion free 
developer ( eg. KT1 932 ) are tested. Some of the developers come as a concentrated solution 
from the supplier, then various concentrations are tested. Also tested are some proprietary 
resist strippers such as EMT-130, RT-2 and PRS-1000. Tht tested results are listed in table 
22. Acetone lifts all the excess film consistently for most experiments. When heated at 80°C 
the ENfT-130 resist stripper ( NMP as the main ingredient ) etches photoresist with proportion 
to die square root of time. EMT-130 can remove the first few hundred micrometers of pho- 
toresist at a similar rate of acetone, but a resist pattern more than 500}im, such as the scribe 
line areas, requires more than 10 minutes immersion time in EMT-130 and residues can usu- 
ally be observed in these areas. Hie concentrated developer ( AZ 351 ) is a strong base solu- 
tion* and consequently, attacks the deposited Al films. All other solutions give slow penetra- 
tion velocities and incomplete lift-oft Only the small patterns on the wafers are cleared by 
these solvents, and an extended immersion time is always needed to lift the excess film on a 
large resist pattern. To lift a 200jim square resist pattern takes more than 10 minutes of the 
immersion for the diluted developer or flic resist strippers. The same pattern can be cleared in 
about one minute in acetone. As a result of the slow reaction residues of the excess films are 
left on the wafers. Acetone seems to be a good solvent for die lift-off. In order to understand 
the uniqueness of acetone, both thermodynamics and kinetics considerations have been taken. 
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Table 12 Solvents Toted ftar Lift-Off 



Solvent 


Tii ii Hi aili in Tfjljmili /u___| \ 

ixnesnnon velocity uuxvmzij 




Acetone 


100-350 


No residues 


EMT-130 (KFQ 


[171X0^ fan] 


residues tn large flm 


MD3K 


25 


slow ft residues 


AZ3S1 developer 


• 


EtchAl 


AZ developer 


8-10 


slow & residues 


MF-312 


12 


slow ft residues 


RT-2 stripper 


12 




PRS1000 stripper 


20 


slow ft residues 



The molecules in a polymer, as wett as in a solvent, are attracted by other molecules of 
the same material. The energy per unit volume due to this attraction force is called the 
"cohesive energy density*. A noncrystalline polymer will dissolve in a solvent of similar 
cohesive energy density without any further jntermoiecular force. If die cohesive energy den- 
sity of die polymer is larger than that of the solvent, it is thexmodynamtcally unfavored for the 
solvent to penetrate into the polymer and separate die polymer molecules* However if the sol* 
vent has a higher cohesive energy density it is also unlikely that the polymer molecules can 
dissolve into die solvent. Hie mathematical derivation of die aforementioned idea is prese n te d 
in the following* 

The process of dissolving a polymer in a solvent is governed by the free energy equation: 

AF-AH-TAS (24) 

Where AF is the change in free energy, AH die heat of mixing, T the absolute temperature and 
AS the entropy of mixing. The increase of entropy of dissolving a polymer in a solvent is gen- 
erally quite small Therefore die magnitude of the beat term ( AH ) is tbe deciding factor in 
determining the sign of the fiee energy change. A small AH leads to a thennodynamlcally 
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fovored reaction. Hildebrand[31] proposed the most useful model for the beat turn: 

AH b K[8| — 8J 2 (25) 
i 

S| «(AEj/V) 2 W 

^(AEa/V) 2 (260 

K is the proportionality factor equal to the multiple of the volume of the mixture and die 
volume fractions of both components. (AE/V) is the energy of evaporation per unit volume, 
and is generally called the" internal pressure " or the " cohesive energy density The square 
mot of the cohesive energy density, designated as 8, is called the solubility parameter. The 

1 I 
unit of 6's is (energy/volume) 2 and most values used later are in (caL/cx.) 2 . As can be seen 

from the above equation, the minimum AH value is zero when 6] equals 5*. The solubility 
parameters of some commonly used solvents are listed in table 23. For most commercially 
available photoresist the main com p one n t is a novolac resin. The solubility parameter of the 
novolac resin is in the range between 8.5 to 99. It is dear from the table that acetone is one 
of the solvents that have similar solubility parameters to the novolac resin. For those water- 
based solvents, such as developer, the high value of the solubility parameter for water makes 
the dissolution of polymer thermodynamically unfavored. TUs is part of die reason why 
acetone has a relatively faster reaction. Hie other reason has to do with the kinetics of die 
reaction, or the mobility of the moving solvent molecules. 

Among all die solvents with comparable solubility parameters to that of the novolac resin, 
acetone ( CH 3 COCH 3 ) has the smallest molecular size As a result, the reaction kinetics, 
which is proportional to die mobility of the reactant, is much faster for acetone than other sol- 
vents. From both the thermodynamics and the kinetics consideration, acetone is the most 
favored solvent for the dissolution of novolac resin. Consequently acetone has been used as 
the main solvent for the lifting step. 
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Table 23 Tht SotabOtty Parameter* for Some Solvents 



A 1 - 

solvent 


*\ - * . — ... ^ *■ - 

Sofliniiity nrarocfer 


Molar Volume ( cor/ 


mole) 


KflBK 


M 


• 




Xylene 


8-8 


178.6 




Benzene 




8&9 






W 


73.4 




IPA 


11J 


m> 




Ethyl alcohol 


12.7 


-m 




Water 


23.4 


1 " 





23 Summary 

A new lift-off process using edge-detection (LOPED ) has been studied as an alternative 
thin film patterning process for VLSI interconnection technology. Some criteria on (he thick- 
ness of the top layer resist is presented to assure that the desired metal patterns are not 
accidentally attacked by the edge-detection method. A process window shows 4/- 10% toler- 
ance in die etching of the top layer resist and the deposited film. A lpm line-and-epace pat- 
tern of sputtered Al-Si film over topography demonstrates the potential of die LOPED process. 
The fact that this process does not require the reentrant profiles for the lifting medium is 
demonstrated by an example of using a tapered resist sidewaDs process. Two aubmicrometer 
features, as well as some millimeter size patterns, suggest that the resolution of the LOPED 
process is limited primarily by the lithography and the metal deposition process. 

The interaction between acetone and the photoresist is also investigated. A constant 
penetration velocity indicates a Case II Affusion process. The penetration velocity is found to 
follow the t - X1+ 2 dependence as predicted by a Case n diffusion model* until a saturation 
velocity of 3.97pm/feec. is readied. A higher bath temperature increases the penetration velo- 
city with an activation energy of 03eV. The ultrasonic agitation does not increase the penetra- 
tion velocity, but rather helps in removing excess film fragments. If the underlying resist is 
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completely covered by die deposited metal film, the acetone can only p ene trate through the 
metal film in an unpietictable way. Then the swollen resist introduces a tensile stress in the 
metal film until it breaks. An external force can remove the film fragments from the wafer to 



Acetone is found to be a good aotvea for lift-off because it has a similar solubility 
parameter as the novolac resin and a small molecular size. Other solvents, such as developers 
and resist strippavijact-with the photoresist in *alow way and leave residues on the wafer. 
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Chapter 3 

A Planarization Process Using Spin-On Glass 

3J. Introduction 

For multilevel interconnection technology, a penalization process It needed for better 
step coverage of subsequent deposition. Hie use of spin-on glass ( SOD ) is attractive 
because it can provide good planarity at a relatively low cost [1-8). That axe two approaches 
to using SOG, ibe etch-back process and the non-ctchbtck process. In the etch-back process, 
die SOG is used as a sacrificial layer and is either completely removed or partially removed 
later in the process. There is no SOG left over the underlying metal patterns in the etch-back 
process. Conversely, the SOG in the non-etchback process is part of die inteilayer d ie lect ri c 
film. In principle, the non-etchback process is ampler than the etch-back process. However, it 
is found that in the non-etchback process the buried SOG film, when exposed to the vias, may 
contaminate die second layer of metal and result in a high via resistance ( "poisoned via" ). 
As a result, most of the reported applications of SOG are the etch-back approaches [2-6]. 

In this section we explore the limit of the etch-tack process first The SAMPLE simula- 
tion program is extensively used to determine toe deposition as well as the etching profiles [9]. 
Then a study of die non-etchback process is conducted to give some guidelines ibr using the 
process. An empirical model for the spin-coating profile of spin-on glass is proposed and is 
used in conjunction with the SAMPLE program to show the effectiveness of die the planariza- 
tion process in improving the step coverage. In die following sections, die development of a 
non-etchback process is described. The material prope r t i es, as well as die roles of the anneal- 
ing, are investigated. Infrared spectrophotometry is used to study the annealing effects on the 
contents of bydroxyl and organic groups. Both the room-temperature stress and in-titu stress 
during annealing are also examined. Dielectric properties ( including dielectric constants, dissi- 
pation factors and breakdown fields ) are studied as a function of annealing conditions. 



3.U The Limit of the Etch-Back Process 
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A typical example of the etch-tack planarizstkm process aim SOO fat described below. 
Hut ■ fhlrfr fBfl fff 1 ^ ( fenaHy mdi flicker then the desired thickness of the htedper 
dielectric film ) is deposited over the patterned metal layer. Then the spin-on glass film Is 
coated and annealed. A plasma etch, which can lemoye the SOO film at a similar ate as of 
the dielectric film, transfers the smooth ajpugiapby of the SOO film into the dielectric film. 
The process is completed by another deposition nf the dielectric film to achieve the requited 
final thickness. 

The leqnirement that aO me SOO film over the underlying metal most be removed, as 
needed to assure the absence of the "poisoned vies", sets the process window for a specific 
combination of film thicknesses. For a nanow isolated metal line, the thickness of the SOO 
film on top is negligible compared to the SOO film thickness on a fist surfacef. F|g.l \ There* 
fine, the maximum amount that can be etched before the underlying metal film is exposed and 
resputtered It the thickness of the deposited dielectric film: 

AHmax <■ Hox 0) 
The condition that determines the minimum amount needed to be etched is shown m 
Ffe2 for a standard LOCOS-isolaflon, polysfficon-gste MOS process. The worst-case step, 
equal to the thickness of the polysOicon plus half the field oxide, ' p ropa ga t es ' through the 
metal film. The following deposition of the metal film and the thick dielectric film will retain, 
if not increase, the step height For a narrow gap of the dielectric film, the SOO film most 
likely win plansrize the topogr ap h y and result in a maximum thickness equal to the sum of the 
step height and the SOO film thickness. Consequently, the minimum amount of the etching to 
remove all the SOO film over metal patterns is 



AH Mm .-(-~ + H Mi + t 9 ooyS , (2) 
where S is the selectivity of the etching, defined as the ratio of tta etch rate of the SOO to that 
of the deposited dielectric film. 
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Fig.3.1 The rimulauon of a spin-on glass film coated over an isolated metal line. 
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a i^calpnxxss, the accepts^ 
allow for process varistions and noo-tmificamity. It ii then required that the upper limit of the 
etching ( ihe ntffi rimw mount ) must be larger than flic lower limit ( the minimum amount ) 
by a safety margin ( o% ): 

AHhw. x ( 1 + o% ) < AHmax (3) 
If equation (1) and equation (2) are substituted into equation (3), we have the constraint on the 

dielectric film thickness for the etch-back process : 

( ^2L + H HB + t soo ySx(l + o%)<Hox W 
A realistic example has the following film thicknesses and process parameters: field oxide 
0.6m ( H ra ), polysflicon 0.4pm ( H^a ). SCX3 film 02pm ( too); the selectivity of the 
etching is 1.0 ( S ) and the safety margin is 20% ( a ). Then equation (4) shows that 

0.98pm < Hqk <5) 
Or 8 minimum dielectric film thickness of about lpm is needed 

It is obvious from equation (4) that a thicker dielectric film can allow a larger process 
window. But the shadowing effect of die deposition limits the maximum thickness for a given 
metal space. A purely isotropic deposition over a step will only reduce the space until the 
ddewalls merge. But the most widely used low-temperature CVD oxide ( LTD ) and the 
plasma-enhanced CVD ( FECVD ) oxide have some degree of dSrectiroaBty. For a narrow 
trench, the film deposited at the sidewalls and at the bottom is significandy less than that depo- 
sited on the tops. As the film thickness increases, the film on the top levels tends to merge 
and leaves under it a pocket with a narrow opening or a sealed void* The etcb-back following 
after the SOO processing may open the voids or the pooriy filled pocket, and thus result in 
severe t op ogr ap hy for further depositions. 

The SAMPLE program has been used to simulate the deposition process with varying 
metal spaces. The underlying metal film is chosen to be 1pm thick; a FECVD process is 
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Emulated at the dielectric deposition method; a critical ftp of 03m *» arbitrarily cboeen as 
the mfariomn width nffdffd for successful filling of SOO. Tbt maximum dielectric fihn thick* 
sen if ihown in Hg3 for two deposition temperatures ( or two surface migration ranges X 
Ron this figure, the minimum metal space of 1.2pm is needed if more than a micrometer 
(fiekctric film is needed as mentioned in the last p ara gr aph . Any demand of a thicker <Hdeo- 
tric film or of a smaller metal space must be met with a different process than tte etch- 
bade process Just described. One possible solution is to use a multiple-etchback process, a 
thinner dielectric film is repeatedly deposited and etched bade untfl the desired planarity is 
acquired* Another potential solution avoids ctcfaback entirely. 

3.12 The Limit of a Non-Etchhack Planarizatkm Process 

A non-etchback planarization process using spin-on glass is potentially much simpler than 
the process just described. Hie limitation mentioned fat the last section is removed since the 
CVD-deposited dielectric film is much thinner in die non-etchback process. However, the 
"poisoned via" problem associated with die non-etebback process must be solved by selecting 
the right material and process parameters. The development of a non-e t c K back process will be 
discussed in the nest section ■ In this section, we will explore die fiindamentd limit of the pop** - 
oteb be ck process* 

An empirical modd is used to describe the coating profiles of SOO over t o po graphy. 
Based on the examination of cross-sections using e ca nniq g-electron microscopy* we have for- 
mulated an empirical modd for the coating profile: 

y-y- + (yo-y-)«rf-(^ + -|w • G> 

where A and B are two constants depending on the SOO material and process parameters only, 
to is the SOO film thickness on a flat surface, and H is the step bright. As an example, die 
constants for the SOO 305 from Allied Go. are and B-1.36. 

This modd is used in conjunction with the SAMPLE simulation program to study the 
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effectiveaess of tbe SOG planarizatioo process. An isotropic deposition ovw: an SOG-coated 
step is simulated and followed by a sputter-deposition of a metal film. Tbe step coverage is 
defined as the nolo of die thinnest fifan thickness cfivided by the thickness oo a flat surta x , 
The simulation with a 0.2ftm SOO film is repeated far various vetoes of the space in the 
underlying topography ( Fig. 4\ As can be seen from the figure, the aingjy-coaied SOO film 
is not effective in improving the step coverage. At a metal space of l .Spa, the step coverage 
(20%)issboutonchalfof the stq> coverage ( 40% ) for a wide space. The skmtlation of the 
metal deposition is for an ideal ( hemispherical ) sputtering distribution; the actual step cover- 
age can be worse than fids. The SBM pictures in Bg5 show the step coverage of a sputter- 
deposited Al-Cu-Si film from a CPA sputtering system: The step coverage over an isolated 
metal line is significantly improved by SOG-coattag ( Hg^(s)). The step coverage for a nar- 
row space ( RgJ(b)) is good since the dielectric film has planarized the topography. Tbe step 
coverage of a wide space ( Fig3(c)) is also good since a larger incidence angle is possible on 
the aidewaH(d At a space of about 1.5pm ( RgJ(c)X the combination of the SOO film and 
the deposited dielectric film create a deep trench at die center of fie space. Tbe deposition of 
the metal film cannot fin the trench, dais resulting in vety little film on the sidewalls ( " for- 
bidden gap " ). To circumvent die problem, either a thicker SOO film is needed for better 
penalization, or a sandwich structure of SOO/CVD Oxkk/SOO must be used. 

Several commercially available SOO products have been evaluaied for the non-etchback 
process. Two SOGs ( SOG-208 and IC1-200 ) wito the best coating properties were chow 
for a more detailed study. SOG-208 contains methyl, phenyl and ethoxy groups with carbon 
content in the range of 20*30%. IC1-200 has a similar carbon content as SOG-208 and con- 
tains only methyl and unspecified slkoxy groups bonded to silicon atoms. The solvent for 
SOG-208 is primarily propane! and the eolvera for IC1-200 is primarily butanoL SOO-B also 
contains a "leveling agent" to assist in obtaining a uniform coat Overall, the higher boiling 
point solvent snd the added leveling agent give IC1-200 a better coating uniformity than 
SOG-A. 
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Fig.3.4 The step coverage of a hemispherical mattering over a SOG/CVD dual layer 
over underlying metal topography, the underlying metal film is assumed ljun, die 
SOG film is 200nm. the CVD oxide is 600am, and the top layer metal is ljim, 
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Hg3.5 Hie step coverage of Ac sputtered metal over SOG-smoothed topography, (a) 
The step coverage over an isolated metal line is improved, (b) The step coverage fir a 
l.Ojim metal space is improved by SOO. (c) The step coverage for a tym mewl 
space is also improved, (d) The step coverage for a lipm metal space is extremely 
bad doe to the formation of a "forbidden gap". 
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3J Experimental Setup 

341 Materials 

A. suDsmua 

The Btbstratea used in most of the experiments are lOOmm-diameler. p-fype (100) Si 
wafers. Tberesistivuy ofthewaJentobetwecn5£^ 

tag concemnrioo between 2x10" cnf* to 2xlO» 5 cm' 5 . If a metallic electrode is needed under 
Ay spn mm, «i aluminum film is sputterdeposted on me SI wafea before SOO processing. 
Some other experiments (e* surfsce resistance and contact resistance ineasmwnem ) leqdrc 
a patterned conductive film under the SOa In IhU case sprnter-deposited Al films are pat- 
terned on oxidized Si wafers. 

B. Spin-on Glass (SOG ) 

Table 3 J SOG Products Tested 



Type 




Material 


203 


Allied 


gOicate 


204 


Allied 


fDoxane 


303 


Allied 


sQoxane 


208 


Allied 


alloxans 


IC1-200 


FllUllftA 


afloxaoc 


DC4 


Fntnnex 


gflooane 


ILD 


Stauffer 


Mgb-caibon riVrxanft 


123 


FUntiooics 




801 


FilintnjQica 


gaoxaK 


802 


RUmnxdci 


alloxans 



Seven! SOO products have been tested as listed to table 3.1. SOO-203 from Allied 
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Company ia one of the original spin-on pisses. The main ingredient is sfiicate (SKOHW dis- 
solved in an organic soivenL This material can be converted to SiOj at a relatively tow tem- 
perature ( about 3O0-4O0°C ). But the film ia porous and, therefore, baa very high etch rate* in 
buffered HP solution. SOG-203 is usually used when high temperature annealing is allowed ( 
eg. over polysOicon topography ). Hie maximum film thickness for mt* sfflca* SOG nuaerf- 
als is about 30OO-4O0OA before cracking. Twaefbre, silicate has been mostly replaced by the 
sfloxme-type SOG. which has a much higher crack resistance. SOG-204 and SOG-305 ate 
both polysOoxane SOG in organic solvents with their respective organic groups attached to the 
silicon atoms. SOG-204 is recommended for the etch-back planariiaflon process by Allied 
Company. The annealing temperature needed to convert 204 to SiOj is Uglier ( about 500 - 
600°C ) than most other SOGs, while SOG-305 can be annealed to SiO, at a lower tempera- 
ture ( about 400°C ). When 305 is used as a planannng film, "gapping" ( separation of the 
SOG from the substrate ) sometimes occurs. SOG-208 is a mixture of 204 and 305. tiros, con- 
taining the organic groups in both SOGs. The properties of 208 are also avenged over the 
properties of 204 and 305. After 400T annealing, the film is not completely converted to 
SiOj as 305. But most of the organic groups ( carton ) are removed from the film and no 
adhesion iroblems have been reported SOG-208 
will be one of die materials under more detailed study far later sections. 

The SOG IC 1-200 from Futurrex Company is also a polysfloxane type SOG. Some addi- 
tives in the film, such as the levelling agent and the adhesion promoter, make the coating pro- 
perties better than other SOGs. The film thickness is more uniform and no striafion effects are 
seen. This SOG will also be investigated in detail later. DC4 is a thick SOG from FUturrex 
Company. A spin speed of 3000 rpm can gi ve a 6000 A film after annealing. It has similar 
dielectric properties ( eg dielectric constants )to SOG-208 from Allied Company and the film 
tends to crack over topography. Consequently, DC4 has not been studied in detail. 

Staufrer Chemical Company provides a thick SOG, 1LD (Inter-Layer Dielectric ). which 
can give close to a lum film after coating. This SOG contains a lot of carbon after low 
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teoperatnie annealing. The film cracks after annealing at 450°C and 600*C and shrinks to 
one-half of its original thickness after 90PC SOQe from FDmoadea Company an alio 
polysOoxane type SOG. Their dielectric proputks have been studied end differ Hide from 
those of the SOG-206 type SOG. 

C. CVD dielectric films 

After SOO coating , another layer of CVD fflm is usually needed to complete the 06- 
l.Oum interiayer dielectric film. Both tow-temperature tow-pressure CVD oxide ( LTO ) and 
plasma-enhanced CVD ( PECVD ) oxide have been tested. The LTO is deposited using a 
Tylsn LFCVD romance at 450°C at 400 mTorr. The sooree gases are SIH4 and NjO, wim the 
doping gas, PH„ turned off. The deposition rate of the undoped oxide fihn is about 
LOunVhour. The etch rates of the LTO film in buffered HP solution ( 10:1 « NH4RHF ) and 
in the CHF 3 plasma are summarized in table 3.2. The wet etch rate b about 50% higher than 
that of thermal oxide. This indicates the porosity of the film and a densification step at a 
higher temperature can reduce the wet etch rate. 

Table 3J The Etch Rates of Oxide Funs 



Etch rate in 10:1 BHF Etch rite in Technics Plasma Etching Sys* 


LTO 


,l?jimAnin. 


.(M^xoAnin. 


PECVD 


jQ4|tfn/min. 


.(MjunAnin 


Tbennal oxide 


jMpm/min. 





* Etching conditions: 
CHFj « 9 seem 
Oj « 1 seem 
Power m 100 Watts 

The PECVD oxide film is deposited using a Technics PECVD system. This machine 
generates a 30KHz plasma over a disk tret of 300mm in diameter. The deposition temperature 
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to250°Cooiiie«ntattiie.thepieW Tbeswnce 
gases arc also SiH, and ( SiH< : N,0 « 2 : 3 ). The depoattton rate is about 
IJHin/hour. Due to the limited tret, no more than four wife* on fit into flic dumber. The 
etch rates ( fined to table 22 ) are much closer to those of thennd orfde, lwllcalii« the fflm b 
less porous. 

3J12 Experiment Descriptions 

AD of the SOG samples arc prepared using a Headway manual photoresist spinner. For 
each coating, about 3 cc/s of spin-on glass is dispensed onto a 100 mm Si wafer. Tbisislbl- 
kmed by a 3000 rpm spin cycle for 20 seconds. Two baking cycles to a VWR cowectton 
ovens ( 120°C for 30 minutes and 200°C for additional 30 minutes ) are used to drive the cast- 
ing solvent from the film to complete the SOG film preparation. These SOG films are then 
annealed in a Tylan fumance under various conditions to study the effects of aimeaBng on the 
film properties. The annealing teniperature ranges from 400°C to 950°C with two ambients: 
oxygen or nitrogen. For the material studies, the samples are analyred following the anneaL 
For the dielectric studies, a sputtered aluminum film is patterned to form the electrodes on top 
of the annealed SOG films. 

The film thickness is measured with a Nanospec AFT and the refractive index measured 
with a Gartner ellipsometer. A Fourier Transform Infrared (FTIR) spectrophotometer is used 
to measure the IR absorption spectra of the films. Room-temperature stress is measured using 
an optically levered stress gauge (OLSG ).[15-16] Another specially designed hot-stage stress 
gsuge ( HSSG ) is used to determine the in-situ stress variation during annealing. The capaci- 
tances with the spin-on glass film as the dielectric are measured with an HP 4275A nmlti- 
frequency LCR meter. The dielectric constant is calculated from toe capacitance, the electrode 
area, and toe film thickness. 

33 Coating Properties 
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Duiing the initial stage of spiraiing, mott apun-on Shot display decreaetag thkknest with 
time as more material is removed from the wafer. The thickness wffl saturate at a constant 
value after a finite amount of spinning time ( ej. about 8-10 seconds for a normal pho- 
toresist) It is desirable to operate the process in the saturation regime to have reproducible 
results. The film thicknesses of SOG-208 and 10-200 are plotted against the spinning time in 
HgA nie thickness is efsentially constant from a spinning time of 5 seconds ID 30 seconds. 
Compared to other polymer films, the SOQs reach the final thickness in a much shorter time. 
The low viscosity and high vapor pressure of the solvent can explain tins short settling time 
according to the coating model proposed by Flack et al [10]. Because of the low viscosity, 
most of the excess liquid is spun off the wafer in a shorter time; the Ugh vapor pressure 
causes the solvent to leave the film at a higher speed. According to the model, both effects 
tend to shorten the time when convection loss dommitts the change of thickness and enter the 
time regime when solvent evaporation dominates the thickness change. The solvent evaporation 
depends on the material properties and is weakly dependent on the spinning time. Conse- 
quently, the film thickness stays constant after a short spinning time. Based on Fig.6, a spin- 
ning time of 20 seconds is diosen tor later experiments. 

For any given SOG. the moat commonly used method to change its thickness is by vary- 
ing the spinning speed. Fig.7 shows the film thickness after 200°C bake versus spinning 
speeds for SOG-208 (Hg.7(a)) and IC1-200 (Bg.7(b)). Over the range between 2000 rem and 
6000 rpm, die thickness of SOO-208 can be predicted by 



1 w*» ' 
and that of IC1 -200 by 
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Fig.3.6 The film thickness versos the spinning time fat (a) SOO-208 and (b) IC1-200. 
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Rg3.7 The film thickness versos the spinning speed for (a) SOG-208 and (b) IC1-200. 
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where w is the spinning speed to lOHpm. As can be seen from Rg.7, for a given SOO 
material fhe range of film thickness is limited. If • much thicker ( totaner ) film is desired, 
either soother SOO with s higher ( lower ) viscosity snd/or higher ( lower ) solid contents 
should be used. Mdtipk-costing it another way to increase die film thickness. 

All fix data in Rg.7 are taken after 200*0 bake. The following high temperature anneal- 
ing wfll further decreases the film thickness. Table 3 J lists the shrinkage factor ( defined as 
the film thickness after a 30-minute400°C aim 
) for both SOG's in N 2 and 0* ambients. 

Table 33 The Shrinkage Factors of SOG's After Annealing 



SOO 


Annealing ambient 




Nj 


Oj 


SOG-208 


SI 


.71 


IC1-200 


Si 


S3 



SOG-208 shows more shrinkage than IC 1-200 to both ambients. and Oj ambient introduces 
more shrinkage than N 2 does for both SOG's. 

&4 Material Properties of Some Spin-On Glasses 

3A1 Dt spectra. 

The FTTC absorption spectra of bare silicon wafers were measured using a Nicolet 60SX 
FDR. The digitized spectra are stored on a bard disk. The 0.22|im SOO films are spin-coated 
onto a wafer, subjected to cure at 200°C and the FTIR spectra measured. The films are 
annealed at 450°, 600 6 ami 900°C in different ambients and the FTIR spectra retaken. Special 
features due to the substrate are eliminated by subtracting the appropriate bare wafer spectrum 
from the SOG-coated spectrum. The IR spectra of SOG-208 after 200°C baking is shown to 
Rg3.8 with each major peak labeled. The spectra alter annealing at 450°C, 600°C and 920°C 
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FigJ.8 Tge IR spectmm of SOO-208 afker200°C bake. 
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in Nj amUent are shown in Rg3.9(a) for toe range between 400 and 4000 cm" 1 , while 
Hg3.9(b) gives the data for samples annealed in O, ambient All the measurements are made 
at room temperature in a dry nitrogen ambient. Hie most intense absorption peak of S-0 
bonds, due to the asymmetric stretching mode, is located between 1060 and 1060 cm" 4 . The 
location of this peak changes with annealing temperature and ambient as shown in Hg3.10. 
Both carves shift to lower wave numbers at 450°C and bom rcveise to* shift after annealing at 
higher temperatures. The initial drift ( 430°C ) is smaller for toe sample subjected lo toe oxy- 
gen gimeaL The peak for toe oxygen-annealed sample shifts to its final position by 600"C as 
opposed to toe nitrogen-annealed sample, which stiD has significant shifts between 6WC and 
920°C The results shown in fig.3.10 are consistent with the more general observation mat toe 
oxygen ambient causes compositional changes to occur at tower temperatures than does the 
nitrogen ambient to be presented below. 

There are two absorption peaks associated with OH bonds to toe mm: the peak at 940 
cm" 1 and toe extended region between 3200 and 3800 cm" 1 . The broader peak between 3200 
cm" 1 and 3800 cm" 1 is the sum of toe absorption peaks associated with the OH bonds, with 
the absorbed water and remaintog solvent, whOe the 940 cm" 1 peak arises from the stretch of 
silicon-bound hydroxyl ( sOanol ). The areas under these two peaks which give the relative 
concentration of these OH content are integrated by the FITR system and are shown in 
Hg3.ll as a function of the annealing temperature for SOQ-208. The OH profile for the Qt 
annealed films in Rg.3.11(a) follows closely to the Si-OH profile under the same annealing 
conditions shown in Fig3. 11(b). indicating the amount of absorbed wata/soh/era is small 
However, using the 920°C data as a reference, the film annealed in Nj shows a larger absorp- 
tion peak at 450°C and 600°C in the 3200 - 3800 cm -1 ranges compared to the Si-OH peak at 
940 cm -1 . This shows that the film contains some water/solvent molecules even after 450*C 
and 600°C annealing. It is worth noting that the OH concentration is consistently lower when 
annealed m the N 2 ambient than that in toe Oj ambient and the highest absorption occurs after 
600°C annealing in 0 2 . Annealing at 920°C in either ambient reduces the OH content to a low 
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Rgj.lO Si-O peak positions versus annealing temperatures for SOG-208. 
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RgJ.ll Integrated IR peak areas for SOG-208 versos annealing temperatures far 
the extended OH peak ( 3200-3800 em" 1 ) and (b) Si-OH peak (MO cm 1 ). 
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kveL 

One of the main residues in the cured film is die sfficoo-bound methyl group. The 
stretching mode of Si-CHj fives i peak at 1270 cm" 1 in the IR spectre. The areas under the 
S-CHj peak of SOG-208 films are plotted against die annealing tempenture in RfJ.12. In 
Hj, the aganic group concenwdon decreaeea le« tlm 5% alhw the 45CW «me^ Bwn 
after 600°C in N 3 for 30 minutes, more than half the methyl groups remain in me SOO-208 
film. AH the organics are gone after armeafing at 920°C As previously mentioned, O, is ■ 
more effective ambient in oxidizing cnganics. Two thbds of die methyl groups are gone after 
30mimitesat450°CttO 2 andat6WCorabove,aimostanrf The difference 

between the two annealing ambients in the temperatures required to remove all the organics 
confirms the observations made from the positional changes of the main Si-O peaks in 
FigJ.10. 

The complex behavior of the Si-O peak position depicted in Fig.3.10 must be considered 
in light of all die complicated compositional changes that occur during curing. This is because 
the presence of water/rohrent, organics, and silicon-bound hydroxyl should each have an 
impact upon the strength of the Si-O polymer bond. The shift of the Si-O peak to lower 
wavenumben is attributed to loss of v/aterftolvent due to beating in the 200°C to 450°C range. 
However, the oxygen ambient is more effective than nitrogen at low te mp e rature s in removing 
organics and in adding Si-OH. The loss of organics and the addition of Si-OH is assumed to 
have the effect of shifting the Sl-0 peak to higher wa v en u mben. Thus, while a 450°C anneal 
m either oxygen or nitrogen causes a shift to lower wavenumben due to water/solvent Ion, 
the shtft is less for oxygen ambient since more organics have been lost and significant Si-OH 
has been formed as a result b oxygen ambient, die formation of Si-OH appears to be an 
important step that mediates the loss of organics at low temperatures, and the formation of 
glassy SiO* The glass formation under nitrogen does not occur until above 60D°C In fins 
case, Si-OH formation may not be a significant intermediate step. 
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Rg3.12 Integrated Si-CH 3 peak areas for SOG-208 versos annealing temperatures. 
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Rg.3.13 The IR spectrum of IC1-200 after 200°C bake 
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The JR spectrum of IC1-200 after 200°C baking is shown in Hg3.13. Ttegpeemtftat 
annealing are ihown in Rg3.14. The locations of the main Si-O peak for different annealing 
tempentmes and ambients are shown to H*3.1S. Hie compotitkaal changes Invoked to 
«pl«ta the peak shifts of SOG-208^ te 
IC1-200. It fflustretea tome significant diffcrencea between these two SOO materiak. In 
fig3.15 t toe initial peak position after toe 2BBFC one to nodi lower* and die drop npon beat- 
ing to the 450°C is also much smaller, dian that observed for SOG-208. TWa la probably 
because all lolvent for IC1-2O0, unlike SOO-208. has been removed by the 200°C bake. Other 
factors. «uch as tower WtialSi-OH content, niay alro be i*aytag a role. For IC1-200, toe trey- 
gen ambient becomes effective at extracting o*anta and fem^ 
above 450°C This causes the observed shift to higher wavenumbere. A similar effect of the 
nitrogen ambient does not begin until tempenuure is greater man COFC. and glare formation 
may not be complete, even at 920X. Generally. SOG-208 and B differs maikedly in their 
solvent/polymer interaction. 

As can be seen from FigJ.16, the OH content is very low after 450°C annealing in either 
an 02 or N2 ambient. At 600°C only O2 annealing increases the OH concentration. Anneal- 
tag at 920°C in Os can remove meat of toe OH groups fires toe film. The OH content 
iemab»kwfbrananiiealingtn The otganica ( Hg. 3.17 ) are all 

gone in an O2 ambient at an annealing temperature of 600°C or higher. However toe N 2 
.mbiem cannot oxidire all of the CH 3 groups until 920*C. This is consistent with the totespre- 
tation given for Fig.3.15. 

The IR spectra of IC1-200 are imire sensitive » the annealing 
tore range studied than those of SOG-208: 0, seems more effective to converting toe IC1-200 
film into SiOj than N* Since aluminum metallization limns toe processing temperature to 
500»C or lower. IC1-200 can provide a stable film with very little OH concentration with a 
450°C annealing in Oj. This is importam since the polar OH groups will respond to ax. sig- 
nals and thus increase the dielectric constant If high temperatures are allowed, such as 920°C 
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Hg.3.15 Si-O peak positions versus annealing temperatures for IC1-200. 
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Rg3.17 Integrated Si-CH 3 peak areas for IC1-200 versus annealing 



both films possess good material properties. ^ 

£42 Stras Measurement. 

Two stress measurement systems hire been used to study the mechanical behavior of 
spin-on glass films: a loom temperature optically levered stress gauge ( OLSO ) to observing 
the films after annealing, and a hot stage stress gauge ( HSSG ) that permits to-ato measuring 
of stress during annealing. In both systems, the radius of curvature of a wafer is measured by 
an optical lever and the bare wafers are measured prior to film deposition to eliminate the con* 
tribution of inherent wafer waipage. For die OLSO room temperature system* a laser beam is 
reflected from the wafer as the wafer is translating across the beam spot and detected by a PIN 
diode mounted on the translating stage. Hie radios is calculated from the displacement of the 
reflected beam. The same process is repeated at sevenl points on the wafer to improve accu- 
racy. The in-shu HSSG system uses an osdDating minor to scan a laser beam over the wafer 
surface instead of moving the wafer on a track as in the room temperature stress measurement 
system. The wafer is held stationary on a hot plate in the HSSG stress measurement system, 
and is separated from the cool ambient by a ceramic lid, which has a narrow slit mat allows 
the laser to scan across the wafer.[ll] This system has a sensitivity for measuring the radios of 
curvature up to 3 Km. 

Far a SI wafer with a small amount of wafer waipage, the stress in the film is given byl 
12] : 

o, - — — — — <9) 

where ti is the film thickness, R is the radius of curvature, t, is the Si substrate thickness, E, is 
the Young's modulus of Si substrate ( with a value of 1.689 xlO n NAn* ), v, is the Poisson's 
ratio of nte substrate ( with a value of 0X164 ). The stress is tensile ( positive in sign ) if the 
waipage is concave on the coated side end is compressive ( negative in sign ) if convex. 




Rg.3.18 Room temperature stress of SOG-208 versus annealing temperatures. 



Typical results obtained from loom temperature stress measurements of 6000 A thick 
SOO-208 films are shown in Rg.3.18. The stress Is low for all the samples annealed in 
different conditions ( less than lOVascaL) The tensQe stress increases after 45CC annealing 
as compared to the as prepared film with 200°C bake. TOs is due to additional film shrinkage 
at higher annealing temperatures. After 920°C annealing, me film shows a low compressive 
stress at the room temperature. The results of room temperature stress measurements for IC1- 
200 give fimilar results and the stress level it sbghdy lower ttan that of SOO-208. 

Rg3.19 shows die in-situ stress measurements of a 4000 A thick KTl-200 film for two 
maximum temperatures: 440°C and 600°C The curves labeled H represent the healing cycle 
with a heating rate of 10°C/min. The C-lsbeled curves represent the cooling cycle. The cool- 
ing rate is 10°C/min down to me chuck temperature of 100*C then at • much slower rate as 
me air cooling is less effective below this temperature. The samples are held for 30 minutes at 
the highest temperatures, 440°C in (a) and 600°C in (b) between the heating cycle and the 
cooling cycle. Holding the film at the Ugh temperature increases the tensile stress. The 
increase is larger for higher temperatures. Daring the cooling, the stress does not change at 
afl. It remains almost the same stress level as that at 440°C and is slightly tower than that at 
600°C Again all the stress is relatively low ( around 10* Pa. ) compared to other deposited 
oxide films of comparable thickness. For IC 1-2O0, the increase in tensile stress at temperature 
> 200°C is small indicating that additional shrinkage for IC1-200 is small. 

33 Dielectric Properties of Some Spin -On Glasses 

3JJ Dielectric constants: 

As part of the interiayer dielectric film, the SOG should have acceptable dielectric proper- 
ties. The dielectric constants ( e, ) of both SOO-208 and IC1-200 have been characterized 
after various annealing cycles. The dielectric constant is measured using capacitors fabricated 
on aluminum-coated Si wafers. If a high annealing temperature is desired, a heavily doped Si 
wafer is used instead of the Al-coated wafer. The thickness of die SOG films is adjusted to 
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Rg3.19 In-sita stress mewnemen* of IC1-200 up to (t) 440«C and (b) «0°G 
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2000 A by choosing the appropriate spinning speed. After the oven bake and the to- 
.mealing, another layer of aluminum is sputternJcposiwl and patterned as the »p elec- 
trode. No special care is taken to keep the wafers from moisture. Hie capacitance is meas- 
ured by a HP 4275a niultf-fiequency LCR meter tot the frequency range from lOKHx to 
,0MHz. each SOO and annealing cc^c^ 10 ca^ 
data are listed in table 3.4. 

Table 14 The Dielectric Constants and Dissipation Factors ( in parentheses )of SOGa 





SOG-208 


IC1 


•200 


LTO 


Annealing Ambient 


N, 


Oj 




Oj 




lOKHz 


193(50) 


28 J (.90) 


335 (jOIO) 


4.35 (.008) 


93 (.003) 


lOOKHz 


16.1 (.14) 


163 (31) 


351 (.009) 


438 (.012) 


93 (.039) 


1MHz 


153 (.07) 


145 (.12) 


359 (.019) 


439 (.026) 


83(34) 



SOG-208 shows much higher dielectric constants than ICl-200 does for an the annealing 
conditions. The e, values of SOG-208 are seven! times higher flm that of pure sfflcon dtox- 
ide(e r = 3.9). The films arc leaky at low frequency ( 10 KHz ) as can be seen from the high 
values of dissipation factors; therefore, it is difficult to measure the exact values of ^ But the 
data show that the dielectric constants are much higher than 39 for bom annealing ambient*. 
The dielectric constants of ICl-200 are lower and much closer to that of SiO> Annealing in 
an inert ambient ( N 2 ) results a lower dielectric constant than for an oxidizing ambient (Oj). 
The tower e, is attributed to the presence of lesidual organs gtoufa left ^ 

The effects of frequency on the dielectric constants are shown in Rg330. For SOG-208 
( Rg330(a)), the measured dielectric constant decreases as the frequency increases from 
lOKHz to about 1 MHz. Rg330(b) shows the e, values of ICl-200 stay at a constant value 
for each curve up to above 1MHz. 
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Rg-3.20 The dielectric constants versos the measuring frequencies for (a) SOO-208 
and (b) IC1-200. 
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The dielectric constant is known to have a strong correlation to the moisture canton in 
tneflmm. High H 2 0 corcentiution tends to fbnn the highly polarizatte Si-OH bonds md 
thus iiioease the didecniccons^ SOG-208 is shown to nave Ugh moisture in flie film after 
mnealing, md the concentration can only be reduced st veiy high annealing temperature ( > 
900°C ). The moisture content in IC1-200 is shown to be extremely low, especially after Nj 
annealing. The ineasured data in table 3.4 are consistert wun Ihe discussion above. 

332 Dissipation Factors. 

RgJ.21 shows the equivalent circuit of a lossy dielectric The conductance models the 
leakage mecharismm the film. If a signal Vis applied between the two tennmals in Fig321. 
the current would be 

j = (JwC + G)»V OO) 

The dissipation factor, defined as the ratio of power dissipated by the conductor to the power 
stored in the capacitor, is 

n __nv 2 _ o _ QA/t , o_ (ii) 
jwCV 2 wC we r A/t we, 

c i an 

we* 

where p is the ax. resistivity at frequency w ( = 2f ). 

For , dielectric used in the multilayer interconnection technology, a high resistivity is 
desired. The measured dissipation factors for SOG-208. IC1-200 and LTO are also listed in 
table 3.4 ( in rjarentheses.) The calculated ax. resistivities are listed in table 3.5. For most 
cases, the resistivity of SOG-208 is about two orders of magnitude lower than that of IC1-200. 
Again, this can be related to the fact that the annealed SOG-208 film contains a high moisture 
content, which is known to generate deep-level traps in the oxide and conduct current LTO 
film shows low a.c. resistivity at high ficquency ( lMHi ). possibly due to the moisture 



89 



¥i%32\ The equivalent circuit for a lossy dielectric film. 
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content in tbe as-deposited film. 

TVU 3J The A.C Resirtlvitj ( p - ) of Annealed SOGi ( In MO-cm ) 





SOG40B 


ia-200 


LTO 


Annealing Am Went 


*h 


Q, 


Na 


o» 




lOKHz 


18 


7 


5000 


5200 


6500 


lOOKHz 


8 


35 


570 


350 


50 


1MHz 


1.7 


1j0 


26 


16 


1.4 



3JS3 Breakdown Field. 

The breakdown filed distribution measures tbe defects in a dielectric film. The residual 
hydroxyl groups and organic groups in tbe SOG films can generate traps in tbe oxide bandgap. 
This research will study tbe effect of different compositions of SOG films on the defect density 
after annealing. 

The breakdown fields are measured by MOS capacitors fabricated on silicon substrates 
with the SOG film as the dielectric film. The capacitor areas are all around 1 mm 2 . Hie I-V 
characteristics of each sample are taken by an HP 4145 curve tracer. Due to the defects in the 
film, the I-V curves generally show soft breakdown, U. current increases smoothly with 
increasing voltages. Therefore, a critical current of 1 mA/fcm 2 is used to define the breakdown 
field For each film, 30 capacitors are measured and the results are shown in FigJ.22. 

SOG-208 shows die lowest breakdown field distribution ( between 03 - 1.0 MV/an ), 
IC1-200 shows better results ( between 25 - 35 MV/an ) and LTO gives the highest values ( 
above 5 MV/cm ). For all the samples, very low currents ( less than 10 |iA/cm 2 ) are meas- 
ured when the applied voltages are 5 V below the breakdown voltages C 20 V for SOG-208, 
- 60 V for IC1-200 and ~ 75 V for LTO.) This indicates that the defect densities are low for 
all three films at their respective thickness. Both SOG films have very tight distributions of 
breakdown fields ( within +A 05 MV/cm ) compared to that of LTO ( 3 MV/cm difference 
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Rg.3.22 The distribution of breakdown fields for SOG-208, IC1-200 and LTD. 
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between the highest and the lowtst value*) The tight distributions toggest that those defects, 
resulting In tow breakdown fields, are homogeneously distributed In these films. The defect 
density of LTO is so low that the pre*^^ 

high enough to show up in the measurement of 30 capacitors. All (he breakdown fields meas- 
ured here are significantly lower than tint of pure aQicon dioxide (13-15 MV/nn ). Inmost 
multilevel interconnection applications, another dielectric film is added to Increase the total 
thickness and the electrical field encountered Is usually less than 10 V/M ■ ClMV/an ); 
therefore, the low breakdown fields of SOO films do not pose serious problems rbrnu>st appB- 

canons. 

3SA Surface Resistance. 

When SOG films are used in multilevel interconnection applications, non-etchbackplanar- 
ization processes are simpler than etch-back processes as mentioned before. An Important 
requirement for lujn-etchbadc processes is that me SOO films covering the metal patterns can- 
not conduct appreciable currents to cause crosstalk in the circuit The amount of tire lateral 
leakage is measured by the surface resistivity, which is the voltage to current ratio between two 
parallel conductors. To prepare the experimental samples, sputtered aluminum films of 1 urn 
thickness are patterned over a 3000 A oxide film. Then a 2000 A SOO film Is coated, and 
annealed at 450°C lor 30 minutes in N* Another 3000 A LTO fihn is deposited as the pas- 
sivation layer. The testing vehicle is • comb-shaped pattern with another serpentine pattern 
running parallel to the teeth of the comb-pattern ( Rg.3.23(a) ). The spacing between the two 
patterns is 2 urn and the total lengtt of these parallel edges is 83 mm. The voltage is recorded 
at which the current exceeds 1 uA/cm ( Rg.323(b) ). SOG-208 shows very complicated 
behavior in this experiment The current density between the two parallel patterns starts to 
exceed US uA/em mound 20 V. If the bias is held at this voltage, the current decreases gra- 
dually to below luA/cm. If the voltage is increased after this "self-coring" process and the 
current density is kept below 2 JuAAan, the SOG-208 film can sustain up to 400 V ( the 
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maximum value of the power supply.) The ramping me of the voltage in this caae is usually 

•s 

limited to below 2V/e&. If the voltage is increased faster, such as 20V/KC* the SOG-208 
films breaks down between 30 and 60 V. In this fast-ramping mode, permanent damage is 
done and die film is leafy after die breakdown ( p, < IMQ/cxn X The IC1-200 film has less 
complex behavior in the surface resistivity measurement: the breakdown voltages mt higher 
dian those of SOG-208 and the I-V curves show a sharp breakdown. More than 40% of die 
measured data give a surface resistivity higher than 2xl0 K QO and an the tested results are 
higher than 10 12 0O. For most VLSI circuits operating at a 5V power supply, both SOG-208 
and IC1-200 films can provide good isolation between parallel metal lines. But in the applica- 
tions where voltage spikes modi higher than 5V are present, e^. at the input/output ports, 
IC1-200 films provide better protection and are less likely to result in permanent damage. 

£53 Via resistance 

In non-etchback applications of SOG, the Al pad is exposed to the SOG film. Moisture 
in die glass can affect die deposition of the next layer of aluminum and "poison" die via, 
resulting in an exceedingly high contact resistance. Both SOG-208 and IC1-200 have been 
tested in a non-etchback planarization process. No special care is taken to keep the samples 
from water. In fact a deionized water rinse is performed after every etch step ( aluminum, 
oxide, and resist) The native oxide on the first layer aluminum in a via is removed by dipping 
die sample in a standard aluminum etcher for 10 seconds. Then die sample is rinsed, spun dry, 
and put into the sputter dumber directly. After the deposition and patterning of the second 
layer metal, a 400°C sintering is performed in forming gas ( NyHj). If die dip is omitted prior 
to the metal deposition, both SOOs show a contact resistance higher than several Mfls per 
contact. With the dip step in {dace, SOG-208 stffl shows a high contact resistance ( 200 
MO/contactX A 2pm by 2pm via Aows 0.2 Q per via with the ICl-200 SOG. 

3.6 Summary 

Both etch-back and the non-etchback planarization pr ocesses using spin-on glass have 
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been examined It is found that the simple etch-back process is seventy challenged when the 
underlying metal space is kss than 1.2pm. For the non-etchback process, the approach of 
using a dual layer ( 0.2pm SOG/ (Ltyim CVD oxide ) is not effective In improving the step 
coverage of the following d e posit io n when the underlying metal space is around l«5jini. Other 
approaches, such as a thicker SOG film or a sandwich structure, are needed. 

The characteristics of two different types of SOG were studied as a function of their 
annealing temperatures and ambients. It has been established that different annealing cosxH* 
turns are required to optimize the dielectric properties for Afferent SOG materials. The FTR 
studies clearly showed the presence and absence of different organic groups after various 
annealing conditions. It can also be used to determine the presence of bonded OH groups and 
absorbed OH groups after various annealing concfitkms. The IR spectra studies show that the 
OH concentration in SOG-208 films de p e n ds strongly on the annealing conditions. An Inert 
ambient (Nj) generally introduces less OH content into the films than an oxidizing ambient 
(Q2) does. For SOO-208 films, neither annealing at 450°C nor at 600°C can drive off all the 
OH content Only after 920°C annealing can die film be dehydrated. However, IC1-200 
shows a very low OH content film after 450°C annealing in either O* N 2 or steam. The Si-0 
peak position and shifts observed can be interpreted in terms of the effects that solvent, organ- 
ics, and silicon-bound OH have upon the SI-0 bonding network. 1C1-200 after the initial 
2O0°C bake has very little residual water/solvent, in contrast to SOG-208. 

The residual stress after annealing as well as in-sits stress during the annealing process 
have been determined for two different types of SOG materials. The stress levels of both 
SOG-208 and IC1-200 films are low tensile after half an hour anneal at 450°C and 600°C 
The stress is relieved at 920°C and becomes compressive when cooled to room temperature. 

The measured dielectric properties of the SOG films are also found to be sensitive to 
annealing conditions. Furthermore, a good correlation has been established between dielectric 
properties obtained from electrical measurements to that of OH concentration in the SOG films 
obtained fiom FITR measurements. Dielectric constant and dissipation factor increase with OH 
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concentrations. IC1-200 films stow low dielectric constant, tow via resistance and medium 
bnsu^down field after idatively tow tempenm^ 

nam metallization processes. Bom films provide good dielectric properties if Wgb leinpeiaturea 
are allowed. 
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Chapter 4 

Considerations on Multilevel Interconnection Technologies 

Tro key pr«^ steps (thin-fita 
Qgytave beadiscossed in the previous cbtpcen. A new lift-off process using edge-detection 
( LOPED ) is examined in chapter 2 as in alternative to etching for thin-film patterning. Then 
a nwvetchback planarizetion process uaing sphvon glass ( SOO ) U faveatigaied in chapter 3. 
It i« shown that an SOG/LTO/SOG sandwich stroctnre can result in good planarity for the fol- 
lowing deposition. Hie annealed SOO film shows good electrical properties ( Id pMttculsr. 
low via-resistance ) for multilevel intercoraection appUcattons. In this chapter, metallization 
processes will be studied from a more finidamental point of view. The aim U lo identify can- 
didate metallization processes that can be wed in module fashion f OT many laym of metalliza- 
tion. Instead of solving the problems created by previous process steps ( eg. using planariza- 
tion as shown in Rg.33 ). the complete metallization process Is studied u one unit, and the 
effects of each step on the following steps are considered. A large number of process alterna- 
tives are examined, and from this comprehensive stody we identify 13 generic process ahema- 
tives. Each of die 13 cases is examined in detail and examples are given to fflustme die 
advantages and difficulties associated with each case. Several promising metallization schemes 
are chosen for mote detailed study. 

4.1 Metallization Schemes 

MultUeveHntowmnectiou technology consists of processes for deposition and patterning 
of both conductive and dielectric films. Conductive films are needed as the tatenxmnects Cnetal 
patterns) between devices and subsystems, as well as the interconnects ( visa ) between layen 
of metal films. Dielectric fihns are needed to separate the adjacent metal rjetterns, and to 
separate the stacked metal layers. In this section, both the conductive film and dielectric film 
are divided into two regions corresponding to their two functions ( Rg.4.1 ). Ml designates 
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'(Ml), 





Fig Al The four regions in a metallization step. Ml is the vis-filling metal film, and M2 
designates the metal film in the interconnect patterns. Dl is the dielectric film that embeds the 
vias t while D2 is the dielectric film sumnmding the interconnects. 
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tbe via-filnrig meal film, while M2 atands for flic metal flan in the i ii frJ eo nn cq t patterns. Dl is 
the dielectric film in which Ml is embedded and D2 the dielectric film sunounding M2. Bar 
my metaHkatkm process, iD four region exist, bat they are generally not deposite d separately. 
For example in the traditional metaffiznian process, a single deposition step provides the metal 
filling the vias ( Ml ) and fre metal fifan used as the I n te rco nn ec t ( M2 ). h other processes, 
such as die "pfllax via" process as described later, die two metal films ere deposited sepa r ate ly. 

There are 24 ( 4! ) ways to arrange the four regions ( Ml. M2, Dl, D2 \ However, fat 
reality Ml is always deposited before M2 and Dl before D2; therefore, the total number of 

ordering the four regions is reduced to 6 ( ) as in Table 4.1. 

Table 4 J The 6 ways to order M1.M2JU JD2 



0) 


Dl 


Ml 


M2 


D2 


(2) 


Dl 


Ml 


D2 


M2 
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Dl 


D2 


Ml 


M2 


(4) 


Ml 


Dl 


D2 


M2 


C5> 


Ml 


Dl 


M2 


D2 


to 


Ml 


M2 


Dl 


D2 



The firat five cases wtH be discussed liter. The sixth case ( Ml M2 Dl D2 ) represents a 
metallization process in which dl the metal patterns ( vias and interconnects ) are constructed 
first, and then the dielectric film is deposited ( Fig.4.2 ). As can be seen from the figure, this 
process is inprobaUe and win not be pursued any further. 

Flanarizatkm is an important issue in the discussion of the metallization process. AD the 
planarization techniques available now ( such as glass fellow, bias-sputtered quartz, or spin-on 
process ) an only smooth the local topography rather than level the whole wafer. An isolated 
step several hundreds micrometen away from any other topography cannot be plmarized by 
any existing planarization technique. It is then desirable to avoid the need for penalization if 
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Hg.4.2 The process flow of Ml M2 Dl D2. (t) Both the vias and the interconnects are con- 
structed first, and (b) the dielectric fihn ( Dl & D2 ) are deposited and planarized. At can be 
seen from this figure, it is not practical to pattern the interconnect before die Dl is deposited. 
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possible. For each pair of metal and dielectric films ( Ml Dl and M2 D2 ), a pispsrizsflon 
process is generally needed If die metal film Is deposited prior to the dielectric film (Ml <D1 
or M2 < D2 ). If the dielectric film is deposited first, it is straight forward to create processes 
in which planatizstion is not needed. Assuming this assertion ii true men lor the fire caserne 
wfll discuss later, only processes ( 2 ) and ( 3 ) belong to the class tor which wo can avoid the 
need for planarizatkm. 

The two patterning process steps, one for vias and one for metal p ,t !*Tni ) en also be 
categorized according to "tone". We define bright field as a -pattern process in which the 
feature ( via or metal line ) is represented by an opaque area on the mask for positive resist. 
Dark Add is the opposite. The vits tie defined by the lithography process LI and the metal 
patterns by L2. If the dielectric film ( Dl or D2 ) is d e po site d before die corresponding metal 
film ( Ml or M2 ) f the patterning process ( LI or L2 ) must be perfonned prior to the metal 
deposition process to create the room for the metal film. If the metal film is deposited first, the 
patterning process should precede the deposition of the dielectric film to remove the excess 
metal film. Using a self-evident notation we can summarize as foDowr 
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In which < or > refers to time ordering, not magnitude. 

Some general remarks on the metal deposition and patterning processes can also be made. 
If the metal deposition ( Ml or M2 ) precedes the patterning process ( LI or L2 X * blanket 
deposition is used to put down the metal and an etching process is used to pattern the metal 
film. If die patterning proces s es is conducted prior to the corresponding metal deposition, an 
additive patenting is usually used. Either die resist "guides 11 the deposition ( eg. electroless 
{dating ) or the resist is dissolved to selectively remove unwanted portions of the film ( lift-off 



X If there is another patterning prooess step between the patterning process ml the metal 
deposition (ej. LI 12" Ml ), lift-off can not be used because the patterning resist ( as in LI 
) is usually destroyed by the following lithography prooess (L2X 

Another important assumption made in this discussion is that die patterning material used 
in either LI or L2 is not compatible with the dielectric deposition process. Although the possi- 
bility of using some high-temperature patterning materials or a low-temperature deposition 
process should not be excluded in a complete discussion ( indeed we have demonstrated a lift- 
off based isolation technology using PHOTOX*(4] ), these processes are not practical at 
present Therefore, some combinations such as ( LI Dl Ml X which requires die via pattern- 
ing material to sustain the deposition process, will not be considered The general ruk is 

i 

IfDj < Mi then Ih<U (2) 
Each of the five cases wQl be discussed in mote detail in the following subsections. 

4.U Process (IX Dl Ml M2 D2 

A common advantage of this case is that the Dl deposition of this prooess is Immediately 
after the D2 deposition of the previous layer, then these two layers can be deposited by a sin- 
gle deposition if desired* In this case, Dl is deposited before Ml; therefore, LI should pie- 
cede Ml as required by (la). From (2). LI cannot be the first step; consequently, the order for 
via-related process is Dl LI ML LI in this case ii the via-opening process ( Le. dark field 
lithography and dielectric etching ). Since M2 is deposited prior to D2, (Id) requires tint 12 
be completed before D2 deposition. There are five potential choices for locating L2 as l a bel ed 
by 0) to (v) below: 

L2 prior to (0 Dl 00 LI (Hi) Ml (hr) M2 (v) D2 

Order (0 is not allowed for the same reason that derives requirement (2) in the last section. 
Older (ii) is also not practical unless LI and L2 use different material for patterning; otherwise, 
the LI process win remove die L2 material ( Le. photoresist ). Order (Hi) to (v) wiH be dis- 
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coned in detail with 

(A) DJUL2MJM2D2. 

After die completion of die previous metallization process, a dielectric film ( Dl ) to 
deposited to die thickness of the desired inter-layer dielectric film thickness ( Hg.4 J(a)X Hie 
dark-field via mask to used in lithography and an etching step opens die via to the underlying 
metal patterns, followed by a lestot-stripping process ( Hg4J(b)). Another lithography step ( 
L2 ) generates die metal patterns on die substrate ( Rg.4.3(c)). A dark-field metal mask, on 
which the metal patterns are transparent, to used since the metal film is yet to be deposited into 
the pattern areas. Now the substrate is ready for the metal deposition ( Ml and M2 X One 
wsy to deposit the metal fihn is using s blanket deposition all over the substrate for both Ml 
and M2 ( Rg.43(d)). Then a lift-off process can remove die L2 photoresist and die excess flhn 
on top of it. leaving die filled vias and metal patterns ( Rg.4.3(e)). A second dielectric fihn 
deposition and a penalization process are needed to complete die process ( Rg.4 Jfl)). An 
alternative wsy to deposit the metal films is to put down Ml first, then M2 by another deposi- 
tion. A lift-off process cannot be used to pattern Ml because the LI resist does not exist in 
this step. Low-temperature selective deposition, such as dectrotess plating, can fill the via ( 
Fig 4.3(d0), and a selective deposition or a lift-off process can pot down M2 ( Fig.4J(eOX 
Similarly, a deposition and a planarization process are needed for D2 ( Fig.4 3(f)). 

The process using a blanket deposition for both Ml and M2 ( Rg.4.3aAcdAf ) is the 
lift-off process described io chapter 2 and in other lift-off papersU-5]. The step coverage of 
the metal deposited into the via is one of die key limiting factors for this process. An aspect 
mtio over one (e* ^^^^c - u ) „ ^y eticounrered to tod^'a 
nticroelectronics process. Tapered sktewalls of the resist or of the vias can help die step cover- 
age with additional complexity to the process. The other process ( Hg,4.3a&c <r\e\f ) to a 
conibination of a selective via-filling process and an additive thin-film patterning process fix 
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Fig.43 The process flow of the Dl LI L2 Ml M2 D2 sequence. (4) A dielectric film ( Dl ) 
is deposited to the thickness of the desired inter-layer dielectric film thickness flist (b) Then 
the dark-field via mask is used in lithography and an etching step opens the via to the underiy- 
ing metal patterns ( LI ), followed by a resist stripping process, (c) Another lithography step ( 
L2 ) generates the dark-field metal patterns on the substrate, (d) A blanket deposition all over 
the substrate is used for both Ml and Ml (e) Then a lift-off process can remove the 12 pho- 
toresist and file excess film on top of it, leaving the filled vias and metal patterns. CD A 
second dielectric deposition ( for D2 ) and a planarization process are needed to complete die 
process, (d') An alternative way 10 deposit the metal films is to put down Ml selectively first, 
(O and a selective deposition or a lift-off process can deposit M2. The process is completed 
by depositing D2 and pianarizing the topography. 
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metal patterns, and provides better step avenge in the via than the first one. Both processes 
require a pianarirarton process for D2 if a reasonably flit topography is to leaolL Even with a 
ptonarizatton step ( audi as bias sputtered SIO* deposition ) the tqpognphy generated in fUs 
step ( equal to the thickness of M2 ) wiD accumulate aa more and more layers are added 

(B)D1 U Ml 12M2D2 

In this case, the L2 patterning process separates the two metal deposition p ro ccaa e a . Hie 
first two steps ( FigA4(a) and (b)) are similar to the previous case, except that the LI resist is 
not necessarily removed. If a lift-off process is used for Ml, the LI resist cm aerve as die 
lifting medium. If Ml is deposited selectively, die resist may be removed after the vias are 
opened. After die Ml deposition ( Kg.4.4(c)X a second lithography step using a dark-field 
metal mask patterns the L2 resist on die substrate ( Rg.4.4 (d)X Either a adective deposition 
or a lift-off process can be used for M2 ( Hg.4.4(e)). The process is completed by the 02 
deposition and a penalization step ( Hg.4.40)). 

The via filling part of this process is reasonably planar, however the metal pattern results 
in an unfavorable topography. Flanarizatxsn is essential, and aa in the previous case die prob- 
lem of accumulated topography remains. 

(C)D1 U Ml M2L2D2 

The first two steps in this case are similar to those in the first two cases ( Hg4»5(*) and 
(b)X The LI resist must be removed if a blanket deposition is used for both Ml and M2 ( 
RgA5(c)). If a lifUrfT process or a selective deposition is used for Ml ( Rg^c 1 )), the LI 
resist can either be used as a lifting medium or be removed. A blanket deposition of M2 is 
needed because L2 follows M2 ( Rg.4 J(d)). The M2 film is patterned by a bright-field metal 
made and an etching step ( Fig.43(e)X The dielectric film D2 is then d e po sit ed and pianarized 
<HgA5(f)). 
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Fig.4.4 Hie process flow for Dl LI Ml L2 M2 D2. (a) A thick dielectric is deposited first, 
(b) Mowed by die daik-field via lithography, (c) Ml is then deposited either by selective 
deposition or by lift-off. (d) A second lithography step using a dark-field metal mask patterns 
the 12 resists on the substrate, (e) Either a selective deposition or a lift-off process can be 
used for M2. 0) The process is completed by the D2 deposition and a fdanarization step. 
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Fie 43 The process flow for Dl L1M1M2L2D2. (a) A thick dielectric film Is deposited ho p 
(c\ A blanket deposition Is used to deposit both Ml snd Ml (C) An atanative process ttto 
^^tS^^^^^^f^ (,) 25LS2fc?S m«slm«k is used 
to^SemthenSflha. (© l^y the diekctite ilm to c^poshri 
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The blanket deposition process ( Rg.4JaJ>AeJ) is the traditional mttalHratlon process 
and coven most reported metallization processes [6-8 J. The other process ( B$.4JWbfi'teS ) 
is also proposed by some authors, and usually the via-fiffing processes are stressed in their 
reports [9-11]. As in the previous caae , planaxization of the dielectric D2 is still needed, and 
topography still accumulates over metal layers. None of the variations on process (1) can pro- 
vide a truly planar topography. 

4.1.2 Process (2), Dl Ml D2M2 

In this case, Dl is deposited before Ml; thus LI should be completed before Ml (la). 
Similarly L2 should precede M2 because M2 is deposited after D2 (lb). Also from (2\ LI 
must be carried out after Dl and L2 after D2. As a result, there is only one way to insert LI 
and L2 into the array: 

D1L1M1D2L2M2 

The first two steps in this case are similar to the previously discussed cases. A layer of dielec- 
tric film is deposited ( Rg.4.6(a)) and vias are opened ( Rg.4.6(b)). The Ml can be deposited 
either by a lift-off process or by a selective deposition process ( Rg.4.6(c)). The process is 
repeated for the D2 L2 M2 sequence ( Rg.4.6(dMf)). The etching step In Rg.4.6(e) should 
have high selectivity so that D2 can be completely etched while Dl remains intact An "etch 
stop" of a different material firam Dl and D2 can be deposited after Dl and before D2 deposi- 
tion. 

This process has not been widely examined yet, but the inherent planarization from the 
buried metal films is very attractive for the multilevel interconnection technology. If a good 
selective deposition process is available, this process deserves more attention in the future. If 
the lift-off process is used for metal patterning, the step coverage, especially for Ml, must be 
carefully examined first The separate depositions for Dl and D2. as well as for Ml and M2, 
add to the process complexity, however the minimal need for planarization potentially 
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Rg.4.6 The process flow for Dl LI Ml D2 L2 M2. (a) A thick dielectric film is deposited as 
Dl. (b) The daik-field vias mask is used to generate the vii patterns on the dielectric, (c) Ml 
is deposited selectively or by lift-off. (d) Another dielectric film is deposited as D2, (e) fol- 
lowed by the daik-field metal mask for 12. (0 The process is completed by depositing M2 
into the L2 patterns by selective deposition or lift-off. 
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outweighs this disadvantage. 

41 J Process (3), Dl D2 Ml M2 

In Oil case, Dl is deposited before Ml, and therefore, from (la) LI should precede Ml. 
Rom (2) the LI process should be after the deposition of both Dl and DO. Aa a result, die 
only location to insert LI is between D2 and Ml. SbnDady. 12 must come after D2 and 
before Ml There are three locations to inaert L2 prior to: 

0) LI 00 Ml 0U) M2 

These three cases will be discussed individually. The fact mat D2 is immediately after Dl 
suggests that Dl and D2 can be deposited in a single step. Bom Dl and D2 are deposited 
before Ml and M2; thus, in principle no planarization process is needed for either dielectric 
film. AD die three approaches require a dielectric etch to pattern DZ without etching Dl. An 
intermediate layer deposited before D2 can serve as the "etch atop". 

(A)DI D2L2UM1M2 

A thick dielectric film ( to the sum of the mteriayer dielectric film thickness and ore 
metal film thickness ) is deposited fin* ( Fig.4.7(a)). A dam-field metal mast is used in L2 
and the patterns are transferred into D2 by an etching step ( Rg.4.7(b)). Then the photoresist 
is removed, and another layer of photoresist is applied for LI. The dark-field via mask is used 
in LI and the vias are opened through Dl to the underlying metal patterns ( Rg.4.7(c)). The 
vias are filled either by a selective deposition or lift-off, and after that the LI resist is stripped 
( Rg.4.7(d)). M2 is deposited by a selective deposition method as in Rg.4.7(e). 

This process has not been widely studied yet [12]. The planarized surface after process- 
ing makes fids process very attractive as the building block for multi-level metallization pro- 
cess. For the^Ml depcisiticm.-B^lective de|»sltion is p re fer re d to lift-off doe tome Ugh aspect 

ratio in this case (eg. tsist^OJnm metal thl<*ness+0.6ura dielectric . Z4 x m 
v * 1 Alum wide via 
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D2 



Dl 




(c) 

Rg.4.7 The process flow for Dl D2 L2 LI Ml M2. (a) A thick dielectric film ( Dl nd D2 
) is deposited first (b) A daik-field metal mask is used in L2 and the patterns are transferred 
into D2 by an etching step, (c) The dark-field via mask is used in LI and die via* are opened 
throujh Dl to the underlying metal . (d) The vits are rilled either by a idective deposition or 
lift-off, and after that the LI resist is stripped, (e) M2 is then deposited by a selective deposi- 
tion process. 
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can only be deposited by a selective deposition process since the LI process removes the L2 
resist However selective deposition may not be easy Id achieve, espedslly if Dl and D2 are 
the same material. ( In principal a nucleating agent could be deposited after the L2 step, prior 
to resist removal.) 

(B) D1 D2UL2M1M2 

In this case, a thick dielectric film is deposited as Dl and D2 ( Hg.4.8(«)X Then a pho- 
tolithography step using the dark-field via mask, together with an etching step, transfers the 
pattern through both Dl and D2. After the LI resist is removed ( Fig.4 .8(b)), another lithogra- 
phy step using dark-field metal mask and an etching step are used to pattern D2 ( Fig.4.8(c)). 
One way to deposit Ml and M2 is to use two separate metal depositions. Ml can be deposited 
by a selective deposition as in Rg.4.8(d). Lift-off cannot be used for Ml since 12 is between 
LI and Ml. Then M2 can be deposited either by a selective deposition or a lift-off process ( 
Fig.4.8(e)). Ml and M2 can also be deposited with one deposition and patterned by a lift-off 
process ( Hg.4.8(e)). 

If the etching selectivity ( - ^^"^fj ^ ) U not high enough, Dl can be 

partially etched in the LI patterning step and completely etched in the next step ( L2 ). Both 
processes ( Rg.4.8a,DA0\e and Kg.4.8a,bi,e ) provide good planarity and are good candidates 
for future interconnection technology. In the process using the blanket deposition and lift-off; 
the step coverage in the vis may be a concern. The selective deposition process is preferred to 
tins case. This case is similar to the previous after step (c) if the L2 resist is removed. How- 
ever, by retaining this resist it is possible to easily deposit or implant a nudeation layer for the 
selective deposition of M2. Thus the ordering LI L2 seems to have an advantage over L2 LI. 

(C) DI D2UM112M2 

A thick dielectric film ( Dl and D2 ) is deposited first as in Fig.4.9(a). A photolithogra- 
phy step using the daik-field via mask and an etching step are needed fat LI to open die 
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Rg.4.8 The process flow for Dl D2 LI L2 Ml M2. (a) A thick dielectric film is deposited, 
(b) The dark-field vis mask is used in a lithography step, and an etching step transfers the pat- 
terns through Dl and D2. (c) A lithography sup using the dark-field metal mask and an etch- 
ing step pattern Dl. (d) Ml is deposited by selective deposition, (e) M2 is deposited by 
selective deposition or lift-off. 
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D2 




Rg.4.9 The process flow for Dl D2 LI Ml L2 M2. (a) A thick dielectric film If deposited 
(b) A lithography step using dark-field via mask and an etching step ait used to pattern both 
Dl and DL <c) Ml is deposited by selective deposition or lift-oft (d) Dl is patterned by a 
dark-field metal mask and an etching process, (e) M2 is deposited by selective deposition or 
lift-off. 
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diekcoic film to thenndedying metd pttons (Hg.4^(b». Ml -deposited to torn c^eiilmr 
byaedecttodepcrtiooor^ Hthognq*y «ep «tag 

the dark-field metal mask and « eteUnf «ep « «^ to U to TO ( F^45(d)). M2 
can also be deported selectively or by mVoff(Hg.4«e)). 

This case is similar to the two previous cases. However the metal Ml must be deposited 
deep with a high-aspect bole. Selective deposition tor Ml la preferred to lift-off due to toe 
Ugh aspect ratio. The process also results to good ptonarity without the requirement of any 
pisnfiiizitiofi process* 

4X4 Process (4), Ml D1D2M2 

In this case, Ml is deported before Dl, and thus LI must be completed before the Dl 
deposition (lc). The LI step can be inserted either before Ml deposition or after Ml deposi- 
tion ( LI MI Dl or Ml LI Dl ). D2 comes before M2, to the L2 step should be prior to M2 
(lb). From (2), we slso know that L2 should be after Dl Thus, mere are only two possible 
ways to order the process steps in this case: 

L1M1D1TOL2M2 
M1L1D1D2L2M2 

In both cases Ml is pattered before Dl deposition, and the processes are usually called toe 
"pillar" technology [13-14]. The advantage is i better step coverage for the via compared to a 
single metal deposition approach 113.141. The two dielectric mm. Dl and TO, are not separated 
by any other atep. and can bedeposited to a aingle step. However if a truly planar topography 
is desired . the dielctric must somehow be planarized. For sufficiently small vias fill ptanariaa- 
tion ia possible by a number of technologies, foduding bia*-srjuttered quartz. Both approaches 
pattern TO by a dielectric etch, which should not attack the underlying Dl. An totennediate 
layer is needed as the "etch stop". If the vias are patterned by etchmg,tte 
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Fig.4 10 The process flow for LI Ml Dl D2 L2 M2. (a) First a layer of photoresist is nat- 
drt-Md via mask, (b) Then Ml is deposited dtber by selective deposition orby 
lift-off, followed by the resist removal process, (c) A single deposition wim theneceasary 
ganamatoon pots down both the Dl and D2. (d) The daik-field metal mask is used to li 
mhography and an etching step transfers the patterns through D2. (e) M2 is also deposited ei- 
ther by selective deposition or by lift-off. 



patterns should not be attacked. It is also recommended to deposit a barrier layer after the pre- 
vious M2 layer as the "etch nop". (A)U Ml Dl D2L2M2 

Hist a layer of photoresist b patterned by a dark-field via mask ( FlgA10(a)). and thea 
Ml is deposited either by selective deposition or by lift-off. followed by the resist removal 
process ( RgAlfXb)). A single deposition with the necessary plapariaation pots down both 
Dl and D2 ( Rg.4.10(c)). The dark-field atetal mask is used in L2 lithography and an etching 
step transfers the patterns through D2 ( Rg.4.10(d)). M2 is also deposited either by selective 
deposition or by lift-off ( FigA10(e)). 

The fim pan of the process uses additive patterning to form the pillars. The deposition 
of M2 is just the "buried" metal process already discussed [12,15-16]. In fids process Dl 
needs to be planarized instead of D2 and can be a potential problem when several layers of 
metal are needed. The planarization of Dl is easier titan D2 because in most cases viae have 
only one size, and a specific planarization process ( such as Mas-sputtered quartz ) can be 
designed to take care of this problem, 

(B)M1U DJD212M2 

Ttm case differs from the previous one only in the sequence of forming the via-pOUrs; in 
this case a simple deposition and etching forms the viae, b has been reported by several 
authors under various names such as "pillar" or "stud" [13,14]. AD other comments from the 
last case bold true for this process. A further possible complication arises to the need for 
selectivity in etching Ml; different metals would be preferred such tint M2 has a low etch rate 
hi the etchant for Ml. 

4.L5 Process (5), Ml D1M2D2 

This is die last case being discussed. Ml is deposited before Dl, thus LI before Dl. 
Similarly the fact that M2 is before D2 leads to L2 before D2. Each patterning process ( LI 
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Rg.4.11 Tbe process flow for Ml LI Dl D2 L2 M2. (a) Ml is * 
tionfim. (b) The bright-fidd via mask and 1 metal etching step P 8 "^™ tl« ^ (c) A singe 
deposition with planerization is used for Dl and D2. (d) 12 uses a dait-field metal made and 
an e tching process to pattern D2. (e) M2 is deposited by an additive patterning process. 
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or L2 ) can be either before the metal deposition ( LI Ml or L2 M2 ) or after It ( Ml LI or 
M2L2). There are m total fouTcaees ©study: 

L1M1D1L2M2DZ 
Ml LI D1L2M2D2 
L1M1D1M2L2D2 
M1L1D1M212D2 

A careful examination of these four cases reveals that there are actually two processes, LMD 
and MLD, for the two regions ( 1 and 2 ). We wffl examine these two basic processes instead 
of foe four individual cases. 

The LMD process Is shown in HgAlZ A layer of resist is patterned by the dark-field 
mask ( RgA12<a)). followed by foe deposition of foe metal film using selective deposition or 
lift-off ( Rg,4.12(b)). Then foe dielectric film is deposited w J» the needed planarization pro- 
cess ( Rg.4.12(c)). The MLD process puts down foe metal film first ( Rg.4.13(a)). and then 
foe bight-field marie lithography and foe etching step pattern foe metal film ( HgA13(b)). 
The dielectric film is deposited and planarized ( Rg-4.13(c)). 

The Ml LI Dl M2 L2 D2 process is foe standard pillar process reported by Sirldn [13] 
and Welch [14). All foe other processes are just variations of foe pillar process by replacing 
one or both of foe subtractrve metal patterning to an additive process. AH the four processes 
require planarization for both Dl and DZ The topography la severe and foe complexity high 
as the foe number of metallization layers increases. If the MLD process is used for the vis 
patterning, a buffer layer is needed after the previous L2 layer is deposited. 

4JL6 Comparisons of the MetaDlxatkn Schemes 

AD the 13 cases discussed before are compared In Table 42. Planarization is one of foe 
key indicators in this comparison because a process requiring planarization cannot be used to 
construct a metallization process with more man three or four layers of metal films. The depo- 
sition methods for both Ml and M2 are also listed in mis table. 



.120- 



• • • • 
• • • 



• • • « 



• • M • • • 



SUBSTRATE 



RESIST 



(b) 



Di 









(c) 



fig.4.12 Hie process flow for L M D. (a) A layer of resist is patterned by the daik-field mask, 
(b) The metal is deposited by selective deposition or lift-off. (c) The dielectric film is deposit* 
ed with the needed planarization process. 
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(o) 

Fig 4 13 The process flow for M L D. (a) The metal film is deposited by • blanket deposition, 
(b) The bright-field mask lithography and the etching step pattern die metal film (c) The dielec- 
tric film is deposited and planarized. 
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A« am be seen from the table, there are only four cases ( Hg.4.6 to Hg.4.9 ) that do not 
require any fbnn of plaiiarization. The cases ofHg.4.10 and 4.11 are ahnost tt attn^ etace 
Dl plaiiarization is more easfly accomodated They will tie discussed in more detail In section 
4.4. 

Table 42 Comparison of the 13 Cases 



Fig. 


Possible Permutations 


Ml deposited by 


M2 deposited by 




43 


Dl LI L2M1 M2D2 


Blanket or Selective 


Selective or Lift-Off 


B 


4.4 


Dl L1M1L2M2D2 


Selective or Lift-Off 


Selective or Lift-Off 


B 


43 


Dl LI Ml M2 L2 D2 


Blanket 


Blanket 

• 


B 


4.6 


Dl LI Ml D2L2M2 


Selective or Lift-Off 


Selective or Lift-Off 


C 


4.7 


Dl D2 L2L1 Ml M2 


Selective or Lift-Off 


Selective 


CB 


43 


Dl D2 LI L2 Ml M2 


Selective 


Selective or Lift-Off 


C 


4J9 


Dl D2 LI Ml L2 M2 


Selective or Lift-Off 


Selective or Lift-Off 


CB 


4.10 


LI Ml Dl D2 L2 M2 


Selective or Lift-Off 


Selective or Lift-Off 


A.C 


4.11 


Ml LI Dl D2 L2 M2 


Blanket 


Selective or Lift-Off 


AJCJ> 


4.12 


LI Ml Dl L2 M2 D2 


Selective or Lift-Off 


Selective or Lift-Off 


A3 


4.12&13 


Ml LI D1L2M2D2 


Blanket 


Selective or Lift-Off 


A3J> 


4.12&13 


LI Ml D1M2L2D2 


Selective or Lift-Off 


Blanket 


A3 


4.13 


Ml LI D1M2L2D2 


Blanket 


Blanket 


A3J> 



Comments. A: Dl needs planarizafion. B: D2 needs P 1 "^^ c B & ^, d ^2 ri f^* 
is required. D Selective metal etch Is required. E: Exceedingly high aspect 
ratio for via filling. 

For most cases that do not require planaiizatkm, a selective deposition or a lift-off pro- 
wls needed~forineaa depoWonT Tfie IfiToff approch requlres a direction deposition for 
metal film. Evaporation can be used for most applications except the Ml deposition in Fig.4.7 
and Fig.4.9, in which the aspect ratios are exceedingly high. A discussion of one possible 
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aekctive deposition method, namely ekctrokts plating, it given in the next section with the 
emphasis cc the applications in die multilevel taterconnectkxn technology. 

4J EJectrolen Pitting as a Selective Deposition Process 

Selective depositkm puts down die desired flhn onto a specific areas, but not onto odier 
areas, Exampto of selective deposition processes are selective tungsten and etectroteas plating. 
The selecdve tungsten process is aider intensive commercial development It is reviewed in 
section 2.1 andwDlnot be repeated here. The electrolesi plating of Pd, M, Oi and An will he 
discussed in this section as alternative selective deposition processes. 

The chemical vspor deposition ( CVD ) process deposits the desired film from a gaseous 
source at a temperature usually higher than 250-C; the electroless plating process depositi the 
desired metal film from aqueous solution at a temperature typically between (TC tad lOTC 
The plating solution consists mainly of the desired metal tons, reducing agents ( eg. dimethy- 
lamine borane ) and buffer chemicals. The dectrotess plating process can be summarized by 
the following reactions [171: 



RH-+R + H O) 

R + OH"-»ROH + e- (4) 

H + H-tHs C5> 

H + OH" -» H 2 0 + 1 (©) 

+ ne~ M (7) 



Where RH represents the reductants. The dectrochemical requirements for deposition are, first, 
the oxidation potential of the reductant's ( reaction (4) ) is more negative than the reversible 
potential of the metal to be deposited ( reaction C7) X second, the metal has enough catalytic 
activity for the anodic oxidation to take place at a reasonable rate. The second requirement can 
be met by varying the PH values and the temperature of the solution. The first requirement 
can be discussed with the potential ( E* ) for die anodic oxidation of reductants on different 
metals in Table 4.3 [17]. 
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Ttajeveisibte potential of ii^ 
processes ire usually to the range from -0.65V to 4X45V ( SCB ) [ 1 8). Any potentials in Table 
4.3 more negative than -0.65V indicate the solutions ate available for the metal depodtton. N 
md Pd can be deposited to most solutions except HCHO. Qi can be deposited at the highest 
rate to HCHO ( most negative E* ). NaBH4 can be used to deposit all the metals hated. 
Table 43 The Potentials ( £• ) for the Anodic Oxidation of 
ReducUnts on Different Metals at l.OxHT'A/cm 2 . 



Reductants 


Metal 


B* T vs. SCE ) 


NaHjPOj 


An 


4X982 


Ml 


■0535 




Pd 


•0510 




Co 


-0.854 




Pi 


•0300 


HCHO 


Co 


-0506 


An 


-0.770 




Ag 


-0.675 




Pt 


•0308 




Pd 


-0.464 




Ni 


0366 




Co 


Oj450 


NaBH« 


Ni 


-1.190 


Co 


-1.180 




Pd 


-1.136 




Pt 


•0383 




An 


4)350 




Ag 


•0332 




Cu 


•0.761 


DMBA* 


Ni 


•0366 




Co 


-0332 




Pd 


-0.766 




An 


-0.650 


> 


Pt 


-0.633 




Ag 


•0365 


NH 2 NH 2 


Co 


-0340 


Ni 


•0371 




Pt 


-0.800 




Pd 


41797 




Cu 


4)356 




Ag 


41.460 




Au 


4)413 



♦ Dimdhylflminc borane 
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in most appUcatkns, the anas to be deported on anally go through an activation pro- 
cess, In which s catalytic film is deported on the surface tot Pd Is the moat widely used 
material In the activation step. The etectrokss plating processes for Pd, NL Ca and An, 
together with thdr sppiiMlioni in the iriterccroection technology will be discussed briefly. 

Pd deposition is needed in most activation steps and the proem cm be extended to fiH 
tlie vlss, but the lesistlvlty of W (p,, - 1^ 

connect layer. Bectrokavplated Ni has been proposed to fill the vias [101. Nl leojuiies Fd 
activation and also has a relatively high lesistivity ( pm - 6J4uO-cm ). Both materials are 
attractive in vis filling ( for a 1pm deep and lum square visa, R*- 0.11 Q for Pd and 007 
for Ni ) and neither process attacks photoresist ( PH < 11 for both cases ). 

Cu is extremely attractive as an altcmative conductor material due to its low resistivity ( 
Pcn «= 1.67uft-cm ) and its expected high dectromigration resistance. Bectroless-plated Qi 
has fine grains ( the grain size is shout 0.1 - 03um ) [23J and can be used as interconnects in 
high-resolution VLSI circuits. But the potential corrosion problem and the high diflustvity in 
oxide must be dealt with Au is possibly less desirable because present decookas platmg 
solutions stan to decompose after usage [19], the thickness is limited to 0.25um 1201, and the 
grain size is too large ( dose to lum ) I21J. 

The LOPED process can be easily modified to accommodate electroless plating. Instead 
of depositing the thick film ( Fig£.3(c)), a thin conductive film is deposited and patterned by 
the same process. TUs thin film, usually thinner than 0.1pm, can be either the catalytic 
material ( Pd ) or another conductive film (or films) to be activated later. For example in Cu 
deposition, a Ti film can be deposited and subsequently activated [21]. 

43 A Pianarixed Metallization Process Example 

In mis section a metallization process that can result in s completely planarized surface 
after the metal deposition and patterning Is discussed and demonstrated experimentally. We 
focus on m et al M2. The via-fiDing process will not be discussed since several met h o d s have 
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been demonstrated, such as the tungsten plugs [9] and the electroless prating process [10]. Hie 
pUnarized interconnect process is discussed much less in the literature compared to the vU- 
flpjng process, and only a few boned metal processes have been described [15,16]. In this sec- 
tion we discuss a buried metal process utilizing lift-off ( LOFED ) and SOO planarization [16]. 

Once a surface to po graphy is created, it is extremely difficult to pianarize me surface 
again without severely limiting the design rales ( eg. limited to a maximum metal space or a 
maximum metal width ) as discussed in section 4.1. The only way to achieve complete planar- 
hy is to avoid the creation of topography. With the assumptions of the previous discussion, 
the only possible solution is D2 L2 M2 and its variations ( Fig.4.6 - 4.11 ). The process flow 
for D2 L2 M2 is repeated in Fig.4.14. The LOPED lift-off process is used to pattern the metal 
film, and an additional step ( Fig.4.l4(e)) of applying a SOO film to smooth the remaining sur- 
face roughness is used. 

After the vies are filled, a PECVD oxide flhn is deposited to between 0.8pm to 1.0pm 
thick. A layer of photoresist is coated and patterned by a dark-field metal mask on the oxide 
film( Fig.4.14(a)X A LAM plasma oxide etcher transfers the resist patterns into the oxide ( 
Rg.4.14(b)). followed by a sputter-deposition of an AM%Si film in the CPA system ( 
Rg.4.14(c)). The LOFED process U used to lift the resist and the excess metal film ( 
Hg.4.14(d)). The process is completed by coating and curing a 200 nm SOG film over the 
surface ( Rg.4.14(e)). 

Examples of the cross-sections are shown in Rg.4.15. Two buried metal patterns 
separated by l.Oum ( Rg.4.15(a)) demonstrate the potential high-resolution of this process. 
The surface is flat after the SOG process as can be seen from both Fig.4. 15(a) and Hg.4.15(b). 
With this process, the topography generated by the metal process is limited to that portion not 
compensated by the SOO fibs. The principle source derives from inability to deposit metal 
precisely to a thickness equal to the trench depth. 



4.4 Some Future Work 
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Rg.4.15 Examples of the buried meld process, (a) Two metal patterns ( dark regions ) are 
separated by l.Oym. (b) With a smaller magnification, the planarity of the process ii more evi- 
dent. 
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b tfd. section, tome of the muni taeafa 1* ^ ^ * 

Referrfag to table 42, only foe cases from Hg.4.6 to Hg.4.9 do not require fdananxafion and 
can be extended to more than te^ m Dl Ml m M2 approach ( FigA6 ) 

can simply lepeat the DLM proem using LOPED or etaaokes plating. The LOPED 
sppoacD was presented fa the last sectkw the decticta |*ati^ 
modification to the LOPED process as presented fa section 42. The cases of H*4.10 and 
Fig All require Dl plansriiatkm. If the viss are afl smsD enoojh ( e.^ 
gp.meredquamwspin^glm Then the fanied 

„^p«x^ to section 4.3 csnte^ 
M2 case ( Rg.4.7 to 4.9 ) wiD be dntcussed. 

Referring to Rg.4.7, Ml on be deposited by lift-off or selective deposition. ffUft-offis 
used, the high aspect ratios for the vias after LI ( Rg.4.7(c» demands an extremely directional 
deposition for Ml. Selective deposition U less sensitive to aspect ratio. In the deposition pro- 
cess the LI resist is needed to cover the metal pattern arcai ( discussed with the M2 deposition 
process below), and the sele^ Tbeelectro- 
less plating processes for Ni and Pd have a PH value between 6 and 9. and are preferred for 
Ml deposition. 

M2 can only be deposited by a selective deposition process because the patterning 
medium does not exist during toe process ( Rg.4.7(d)). For the deposition to be selective, the 
tress to which the metal is deposited must be different from those "not-paoein" areas. In this 
case, both the "pattern' and "not-pattem" areas are the D2 dielectric film, and some process is 
needed ifterL2 Defore LI to differentiate toe pattern areas, ff the dectroless plating process is 
used, dther a thin conductive film can be deposited or the surface can be activated by Pdd 2 
solution after L2. The actual deposition process for M2 should not start prior to the comple- 
tion of Ml deposition; otlierw a topography may be created at 
the center of vias. The deposition is prevented by covering these metal pattern areas by LI 
resist After both Ml and M2 are deposited, a SOG fita can aid fa antootlifag Ite 
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Rg.4.16 Hie potential difficulty with the Dl D2 LI L2 Ml M2 process. After LI opens the 
via through both Dl and 02, the L2 etching may under-cut the Dl under the interlayer 
between Dl and Dl It is exceedingly difficult to AO the areas under the ovahang in the Ml 
deposition step. 
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surface roughness. 

Id the process described by Hg.4J, the L2 patterning step ( Hg.4.8(c)) requires extra 
care. As shown in table 4.2, a selective etching is needed between Dl and D2, or an "etch 
Hop" is needed in between. If the L2 etching is not purely vertical, an undesirable overhang of 
the intermediate material may be created ( Rg.4.16 ). A conform*] deposition for Ml is 
desired to fill the space under me overhang. Bectrokss plating is known to be exceedingly 
conforms! and is preferred in mis case. The approach of using one deposition ? v bom Ml and 
M2 ( Rg.4.8a&ce ) may lead to topography formation over the vies. This topography is 
likely to result in step coverage problem for the following depositions. 

The Dl D2 LI Ml L2 M2 approach as in Hg.4.9 is straightforward and repetitive for Ml 
and M2. Here the electroless plating is also desirable for Ml and either LOPED or electroless 
plating can be used for M2. 

From the previous discussion, ft is concluded that in order to achieve more than three or 
four layers of metal films, the dielectric film must be deposited before the metal film, and a 
selective deposition process should be used to deposit me metal film. Electroless plating fits 
exceedingly well into the promising approaches. 

45 Conclusion 

The multilevel interconnection technology is examined in mis chapter by dividing the 
process steps into six individual parts - Dl. D2, Ml, M2. LI. and L2. Under the assumptions 
used, there are in total 13 possible ways to construct a viable process sequence for each metal 
layer. Among all the possible ways, only four of them do not require planarization and are 
proposed as die most promising processes for VLSI and beyond. Two other processes require 
penalization for the vias. If the vias are small enough to be planarized easily, these two pro- 
cessed can also be used for the future. 

All of the six processes require either selective deposition or lift-off to pattern the vias 
and the interconnects. Bectrokss plating is discussed as a low-temperature selective depori- 
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Hon process. Electroless-plated Pd and NI ait found to be suitable for via-flffipg, wMk 
electroless-plated Cu is well suited as the main faSeroomectB msteriaL 

AH of ibe six promising processes have D2 L2 M2 sequence for the interconnect patterns. 
Three of them can use lift-off, or LOPED, to pattern ML U is shown that the combination of 
LOPED and SOG can provide an extremely flat surface and high itsototkm tor the metaffiza- 
tion process. 
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